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As  with  many  theses  conducted  at  the  Air  Force  Institute  of  Technology 
(AFIT),  this  thesis  concerns  a  contemporary  Air  Force  interest— the  generation  of  a 
data  base  of  nuclear  reactor  fuel  compositions  using  the  ORIGEN2  Isotope  Gen¬ 
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Tuttle’s  previous  experience  as  an  officer  assigned  to  AFTAC  Headquarters  proved 
invaluable  in  translating  the  current  desires  of  AFTAC  into  a  thesis  topic  suitable 
for  a  Master  of  Science  candidate. 


Any  undertaking  of  this  nature  inevitably  leads  to  certain  pitfalls  and  dead 
ends.  A  number  of  individuals  deserve  acknowledgments  for  their  part  in  mini¬ 
mizing  these  hindrances.  I  am  indebted  to  Lt  Col  Tuttle  for  his  continued  guid¬ 
ance  and  ready  assistance  whenever  a  seemingly  insurmountable  problem  was 
encountered.  Mr.  Scott  Ludwig  at  the  Oak  Ridge  National  Laboratory  was 
instrumental  in  helping  me  to  grasp  the  nuances  and  peculiarities  of  the 
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Abstract 

The  purpose  of  this  study  was  threefold:  (1)  to  modify  the  0RIGEN2  Iso¬ 
tope  Generation  and  Depletion  Code  to  run  on  a  Digital  VAX  computer  using  a 
UNIX  operating  system,  (2)  to  establish  a  data  base  of  nuclear  reactor  fuel  isoto¬ 
pic  compositions  for  selected  reactor  types  and  fuel  cycles  at  various  times  during 
each  fuel  cycle,  and  (3)  to  determine  the  uniqueness  of  the  isotopic  compositions  of 
the  cases  studied.  The  ORIGEN2  code  uses  a  matrix  exponential  technique  to 
solve  the  differential  equations  describing  the  buildup  and  decay  of  nuclides.  The 
user-generated  command  file  and  the  high!}’  controllable  output  make  ORIGEN2 
quite  versatile  in  modeling  reactor  operations.  Modifications  required  to  allow  the 
code  to  run  on  a  UNIX-based  Digital  VAX  system  were  confined  primarily  to  one 
of  the  integer  functions  used  in  reading  the  command  file.  Actinide  and  fission 
product  compositions  of  irradiated  fuel  were  produced  for  eight  cases  representa¬ 
tive  of  modern  commercial  nuclear  reactors.  These  results  include  composition  by 
both  isotope  and  element  and  are  expressed  in  fraction  of  atoms  of  each  segment 
(actinide  or  fission  product).  Isotopic  fuel  compositions  were  shown  to  be  dis¬ 
tinctly  unique. 
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USING  ORIGEN2  TO  PREDICT 
NUCLEAR  REACTOR  FUEL  COMPOSITIONS 

I.  Introduction 

Background 

The  Air  Force  Technical  Applications  Center  (AFTAC)  operates  and  main¬ 
tains  the  U.S.  Atomic  Energy  Detection  System  (AEDS).  The  AEDS  is  a  world¬ 
wide  system  with  operations  in  thirty-five  countries.  When  the  Limited  Test-Ban 
Treaty  was  signed  in  1963,  the  primary  role  of  monitoring  certain  provisions  of 
the  treaty,  mainly  Safeguard  D,  was  assigned  to  AFTAC.  AFTAC  efforts  involve 
comprehensive  research  and  development  programs  associated  with  the  detection 
and  identification  of  nuclear  events  in  the  atmosphere,  underground,  underwater, 
and  in  space.  The  Center  provides  inputs  to  Department  of  Defense  policies 
regarding  arms-control  issues  and  contributes  to  the  nation’s  ability  to  monitor 
international  agreements  in  these  areas  (7:1). 

The  Soviet  nuclear  reactor  accident  at  Chernobyl  on  April  26,  1986,  illus¬ 
trates  the  importance  of  being  able  to  determine  the  origin  of  a  given  radioactive 
sample.  Although  an  estimated  81  million  curies  of  radioactivity  were  released  to 
the  atmosphere  in  this  incident,  the  Soviet  government  did  not  acknowledge  that 
an  accident  had  occurred  until  May  14,  almost  three  weeks  after  the  fact 
(8:379,380).  For  treaty  monitoring  reasons,  it  is  absolutely  essential  that  AFTAC 
have  the  capability  to  distinguish  between  reactor  releases  and  nuclear  weapon 
debris.  This  thesis  is  designed  to  be  a  first  step  in  the  compilation  of  a 
comprehensive  data  base  of  nuclear  reactor  fuel  compositions  versus  time  for  vari¬ 
ous  reactor  types  and  fuel  cycles.  The  ORIGEN2  computer  code  is  the  tool  used 
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to  generate  this  initial  data  set. 

The  ORIGEN2  Code 

ORIGEN2  is  a  versatile  reactor  physics  code  which  simulates  various  nuclear 
reactor  fuel  cycles  and  calculates  the  isotopic  composition  and  characteristics  of 
the  irradiated  fuel  and  other  materials  within  the  reactor.  The  original  ORIGEN 
code  was  written  by  Bell  and  Nichols  at  the  Oak  Ridge  National  Laboratory 
(ORNL)  and  distributed  worldwide  beginning  in  the  early  1970s  (2:335-336).  The 
revised  and  updated  ORIGEN2  includes  provisions  for  incorporating  data  gen¬ 
erated  by  more  sophisticated  reactor  physics  codes,  a  free-format  input,  and  a 
flexible  and  highly  controllable  output. 

The  data  libraries  accompanying  the  ORIGEN2  code  allow  modeling  of  four 
different  types  of  reactors— pressurized  water  reactors,  boiling  water  reactors, 
liquid-metal  fast  breeder  reactors,  and  Canada  deuterium  uranium  reactors. 
Currently,  thirty-nine  different  reactor  fuel  cycles  can  be  simulated  using  the 
above  four  reactor  types.  Although  the  principal  use  of  ORIGEN2  is  to  calculate 
the  isotopic  composition  of  nuclear  materials,  the  following  parameters  may  also 
be  computed  with  ORIGEN2  (2:336-337): 

Radioactivity 
Thermal  power 

Toxicity  (radioactive  and  chemical) 

Neutron  absorption  rate 
Neutron  emission  rate 
Photon  emission  rate 
Fission  rate 

When  the  original  ORIGEN  code  was  released,  about  200  organizations 
acquired  it  through  the  ORNL  Radiation  and  Shielding  Information  Center.  Since 
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0RIGEN2’s  release  in  September  1980,  it  has  been  acquired  by  110  organizations 
(2:336).  ORIGEN2  is  written  entirely  in  FORTRAN  and  was  designed  to  run  on 
an  IBM  360,  370,  or  3033  computer.  It  has  been  modified  to  run  on  other  types  of 
computers,  including  the  Digital  VAX  11/780  with  VMS  operating  system.  To 
run  ORIGEN2  on  the  AFIT  Scientific  Support  Computer  (SSC),  which  is  a  VAX 
11/785  with  UNIX  operating  system,  further  modifications  were  made  which  are 
explained  in  Section  III. 

Purpose  and  Scope 

The  purpose  of  this  project  was  threefold:  (1)  To  get  the  ORIGEN2  code 
running  on  the  SSC,  (2)  to  establish  a  data  base  of  reactor  fuel  isotopic  composi¬ 
tions  for  selected  reactor  types  and  fuel  cycles  at  various  times  during  each  fuel 
cycle,  and  (3)  to  determine  the  uniqueness  of  these  isotopic  compositions.  Only 
the  actinides  and  fission  products  have  been  considered.  The  effects  experienced 
by  the  other  reactor  materials  (fuel  impurities,  cladding,  moderator,  etc.)  are 
assumed  not  to  affect  the  actinide  and  fission  product  inventories  contained  inside 
each  fuel  element.  Each  case  assumes  a  full  load  of  fresh  fuel  at  start-up  and 
tracks  the  change  in  isotopic  composition  while  the  fuel  is  being  irradiated  within 
the  reactor.  Following  is  a  list  of  the  cases  studied  in  this  thesis: 

(1)  Pressurized  water  reactor,  33  gigawatt-days/metric  ton  of  initial  heavy  metal 

(2)  Pressurized  water  reactor,  50  gigawatt-days/metric  ton  of  initial  heavy  metal 

(3)  Boiling  water  reactor,  27.5  gigawatt-days/metric  ton  of  initial  heavy  metal 

(4)  Canada  deuterium  uranium  reactor,  7.5  gigawatt-days/metric  ton  of  initial 
heavy  metal 

(5)  Canada  deuterium  uranium  reactor,  20.9  gigawatt-days/metric  ton  of  initial 
heavy  metal 
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(6)  Liquid-metal  fast  breeder  reactor  (core),  100  gigawatt-days/metric  ton  of  ini¬ 
tial  heavy  metal 

(7)  Liquid-metal  fast  breeder  reactor  (axial  blanket),  100  gigawatt-days/metric 
ton  of  initial  heavy  metal 

(8)  Liquid-metal  fast  breeder  reactor  (radial  blanket),  100  gigawatt-days/metric 
ton  of  initial  heavy  metal 


The  term  "initial  heavy  metal"  refers  to  the  fissile  and  fertile  actinide  content 
of  the  unirradiated  fuel,  primarily  uranium  and  plutonium.  For  more  detailed 
information  about  each  of  the  above  cases  (type  of  fuel  used,  number  of  full-power 
days,  etc.),  refer  to  Section  V. 
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II.  Description  of  ORIGEN2 


Input  Data 

Three  principal  types  of  input  data  bases  are  required  by  ORIGEN2: 
radioactive  decay,  photon  production,  and  cross  section  (includes  fission  product 
yields).  In  general,  the  same  decay  and  photon  data  bases  can  be  used  for  virtu¬ 
ally  all  cases  that  would  ever  be  considered.  This  is  not  true,  however,  for  the 
cross  section  data.  The  effective  cross  sections  of  all  nuclides,  especially  the 
actinides,  are  a  strong  function  of  reactor  type  and  nuclide  concentration  (2:338). 
These  effects  can  only  be  predicted  through  the  use  of  more  sophisticated  reactor 
physics  codes,  and  it  is  by  means  of  such  codes  that  the  cross  section  libraries  sup¬ 
plied  with  ORIGEN2  were  produced.  Another  required  input  file  is  the  user- 
constructed  set  of  0RIGEN2  commands  that  defines  which  program  functions  are 
to  be  executed  and  the  order  of  their  execution.  The  first  three  input  files  are  dis¬ 
cussed  in  the  following  paragraphs  with  a  more  detailed  explanation  of  the 
ORIGEN2  command  file  appearing  in  Section  IV. 

The  decay  data  base  was  constructed  from  the  Table  of  Isotopes,  6th  ed.,  by 
Lederer  et  al.  (2:336)  and  provides  the  following  calculational  information: 

(1)  the  list  of  1700  nuclides  to  be  considered 

(2)  the  decay  half-lives  and  decay  branching  fractions  for  beta  decay  to 
ground  and  excited  states,  positron/electron  annihilation  to  ground  and 
excited  states,  internal  transitions,  alpha  decay,  spontaneous  fission,  and 
delayed  neutron  decay 

(3)  the  recoverable  heat  per  decay  for  each  radioactive  parent 

(4)  the  isotopic  compositions  of  naturally  occurring  elements 
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(5)  the  radionuclide  maximum  permissible  concentration  values  as  specified 
in  the  U.S.  Code  of  Federal  Regulations,  Title  10,  Part  20. 

A  six-digit  nuclide  identifier  defines  each  of  the  nuclides  in  the  decay  library. 
The  nuclide  identifier  is  defined  as 

NUCLID  =  10,000  XZ  +  10  X  A  +  IS 

where 

NUCLID  =  six-digit  nuclide  identifier 

Z  =  atomic  number  of  nuclide  (1  to  99) 

A  =  atomic  mass  of  nuclide  (integer) 

IS  =  isomeric  state  indicator,  where  0  =  ground  state  and 
1  *=  excited  state 

The  six-digit  identifier  for  an  element  is  similarly  defined: 

ELEMID  -  10,000 XZ 

where  ELEMID  is  the  element  identifier  and  Z  is  the  atomic  number.  In  cases  of 
atomic  number  less  than  10,  a  leading  zero  is  not  required,  thus  resulting  in  a 
nuclide  or  element  identifier  with  only  five  digits  (1:11,13). 

The  photon  data  library  provides  the  number  of  photons  produced  per  decay, 
divided  into  18  energy-groups.  Types  of  photons  included  are  gamma  rays, 
x-rays,  conversion  photons,  (a,n)  gamma  rays,  prompt  and  fission  product  gamma 
rays  from  spontaneous  fission,  and  bremsstrahlung.  Not  included  are  prompt 
gamma  rays  from  fission  and  neutron  capture.  The  data  for  this  library  comes 
from  ORNL-5054.  The  photon  production  library  is  used  to  generate  an  output 
table  listing  the  number  of  photons  and  the  photon  energy  emission  as  a  function 


of  irradiation  time  or  decay  time.  A  summary  table  is  also  created,  giving  the 
principal  nuclide  contributors  to  each  energy-group  (2:343). 

The  purpose  of  the  cross  section  library  is  to  supply  effective  one-group  cross 
sections  for  all  the  nuclides  and  fission  product  yields  for  Th232,  U233,  U235,  U238, 
Pu239,  Pu241,  Cm245,  and  Cf252.  Calculation  of  the  one-group  cross  sections  is  a 
complex  process  that  is  dependent  on  the  fuel  and  reactor  type  being  modeled  and 
is  accomplished  by  other  reactor  physics  codes.  Types  of  cross  sections  normally 
included  in  this  library  are  (n,^)  and  (n,2n)  to  ground  and  excited  states,  (n,3n) 
and  (n, fission)  for  the  actinides,  and  (n,p)  and  (n,or)  for  the  activation  and  fission 
products  (2:343).  The  fission  yields  included  are  generally  from  binary  fission, 
although  ternary  fission  yields  have  been  provided  for  certain  important  low-Z 
nuclides  (1:66). 


Calculations 

<1  To  determine  the  isotopic  composition  of  a  fuel  sample  after  irradiation, 

V*- 

ORIGEN2  uses  a  matrix  exponential  method  to  solve  the  following  nonhomogene- 
ous,  first-order,  ordinary  differential  equation: 


dX \  N  N 

—71 ~  ^  £  fik^k^k  ~  (\  +  4>°i  +  r,)X,  +  Fj  (1) 

aL  1  *-l 

where 


dX{ 

dt 


the  rate  at  which  the  amount  of  nuclide  * 
changes  as  a  function  of  time 


Xi  *  atom  density  of  nuclide  i 


N  =  number  of  nuclides 
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/I;  -*  fraction  of  radioactive  disintegration  by 
other  nuclides  which  leads  to  formation  of 
species  t 

X,-  *=  radioactive  decay  constant 
<f>  =  position-  and  energy- averaged  neutron  flux 

f  ik  —  fraction  of  neutron  absorption  by  other 

nuclides  which  leads  to  formation  of  species  i 

crk  =  spectrum- averaged  neutron  absorption 
cross-section  of  nuclide  k 

r,  =  continuous  removal  rate  of  nuclide  i 
from  the  system 

Ft  =  continuous  feed  rate  of  nuclide  i 

Since  N  nuclides  are  being  considered,  N  equations  of  the  same  general  form  must 
be  solved  to  yield  the  amounts  of  each  nuclide,  JQ ,  at  the  end  of  each  time  step 
(2:339-340). 

It  is  theoretically  possible  for  each  nuclide  described  by  Eq  (1)  to  be  produced 
by  all  of  the  other  {N  -  1)  nuclides  in  the  system.  Fortunately,  the  average 
number  of  parents  is  usually  less  than  12.  Thus,  at  least  1688  of  the  coefficients 
of  Xj  on  the  right  side  of  Eq  (l)  would  be  zero,  resulting  in  an  extremely  sparse 
1700  by  1700  coefficient  matrix.  Because  of  the  sparseness  of  this  matrix, 
ORIGEN2  is  able  to  use  indexing  techniques  that  store  only  the  nonzero  elements, 
thereby  greatly  reducing  the  amount  of  storage  capacity  required.  These  indexing 
techniques  produce  an  array  of  transformation  rates  of  each  parent  to  daughter 
nuclide  Xif  called  the  transition  matrix  (2:340). 
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The  neutron  flux  in  Eq  (1)  is  calculated  from 


,  =  (6.242  X1018)  (P) 

E  x!°f*i 


where 


< i>  =  instantaneous  neutron  flux 


P  =  power  in  MW 


(2) 


Xf  —  amount  of  fissile  nuclide  i  in  fuel 


a/  a*  microscopic  fission  cross  section  for 
nuclide  i 

Rj  —  recoverable  energy  per  fission  for 
nuclide  i  inMeV/fission 

Since  the  amount  of  fissile  nuclide  i  present  is  known  only  at  the  beginning  of 
the  time  step,  Eq  (2)  gives  the  neutron  flux  at  the  beginning  of  the  time  step, 
rather  than  the  average  neutron  flux,  which  is  the  desired  parameter.  ORIGEN2 
overcomes  this  problem  by  expanding  Eq  (2)  in  a  Taylor  series  through  the 
second-order  terms  with  X(  as  the  time-dependent  variable.  The  average  neutron 
flux  is  then  obtained  by  integrating  this  expansion  over  the  time  step  and  then 
dividing  by  the  length  of  the  time  step.  The  ratio  of  the  average  neutron  flux  for 
the  current  time  step  to  the  average  neutron  flux  for  the  previous  time  step  (equal 
to  1.0  for  the  first  time  step)  is  then  used  to  multiply  all  of  the  flux-dependent 
transformation  rates  in  the  transition  matrix,  thereby  adjusting  them  to  the 
correct  flux  for  the  current  time  step  (2:341). 


Once  the  neutron  flux  has  been  calculated  from  the  power  level,  the  system  of 
simultaneous  differential  equations,  represented  by  the  coefficients  in  the  transition 


matrix,  is  solved  through  a  composite  of  three  solution  methods.  The  first  solu¬ 
tion  method  uses  a  set  of  asymptotic  solutions  to  handle  the  buildup  and  decay  of 
short-lived  nuclides  that  do  not  have  long-lived  precursors.  Most  fission  products 
fall  into  this  category.  These  nuclides  will  approach  a  constant  concentration 
(transient  equilibrium)  within  the  time  step  (2:341-342). 

The  second  solution  method  deals  with  the  long-lived  nuclides  through  use  of 
the  matrix  exponential  method.  A  reduced  transition  matrix  is  formed  by  elim¬ 
inating  the  short-lived  members  of  the  full  transition  matrix.  In  the  case  of  no 
continuous  material  feed,  the  system  is  then  a  set  of  homogeneous  equations 
which  can  be  expressed  as 

X  -  AX  (3) 

where 

X  =  time  derivative  of  the  nuclide  concentrations 
(a  column  vector) 

A  =  reduced  transition  matrix  containing  the  transformation 
rates  (a  very  sparse  1700  by  1700  matrix) 

X  =  nuclide  concentrations  (a  column  vector) 

This  equation  has  the  solution 

X{t)  =exp(A*)X(0)  (4) 

where 

X(f)  =  concentration  of  each  nuclide  at  time  t 
X(0)  =  vector  of  initial  nuclide  concentrations 


t  =  time  at  end  of  time  step 

The  matrix  exponential  method  uses  a  recursion  relationship  to  generate  enough 
terms  of  the  series  representation  of  the  exponential  function  to  accurately  deter¬ 
mine  X(t)  (2:342). 

The  third  solution  method  employs  another  set  of  asymptotic  solutions  to  the 
differential  equations  and  a  Gauss-Seidel  successive  substitution  algorithm  to  solve 
for  the  concentrations  of  short-lived  nuclides  with  long-lived  parents  (secular 
equilibrium).  Once  this  third  solution  method  has  been  applied,  the  concentra¬ 
tions  of  all  nuclides  at  the  end  of  the  time  step  have  been  calculated  and  stored. 
These  results  are  then  used  as  initial  concentrations  for  the  next  time  step  (2:342). 

Output  Data 

The  output  of  the  ORIGEN2  code,  while  potentially  quite  voluminous,  can  be 
controlled  by  the  user  so  that  only  the  data  of  interest  is  written  to  an  output 
device.  There  are  six  basic  types  of  output  data:  reactivity  and  burnup  data,  an 
activation  product  segment,  an  actinide  segment  (including  daughters),  a  fission 
product  segment,  neutron  emission  rates,  and  photon  emission  rates.  The  reac¬ 
tivity  and  burnup  data  consist  of  less  than  a  page  of  information  summarizing  the 
fluxes,  burnups,  specific  power,  and  infinite  multiplication  factor  data.  The 
activation  product,  actinide,  and  fission  product  segments  consist  of  the  output  of 
one  or  more  of  24  different  tables  of  information  for  each  segment  type.  The  neu¬ 
tron  emission  rate  data  is  comprised  of  a  one-page  listing  of  the  neutron  produc¬ 
tion  rates  from  (a, n)  reactions  for  each  nuclide  and  a  one-page  listing  of  neutron 
production  rates  from  spontaneous  fission  for  each  nuclide.  Photon  emission  rate 
data  is  broken  down  into  an  activation  product  segment,  an  actinide  segment,  and 
a  fission  product  segment.  Each  segment’s  photon  output  contains  summation 
tables  and  principal  contributor  tables.  The  summation  tables  list  the  photon 


11 


production  rates  as  a  function  of  18  photon  energy-groups.  The  principal  contrib¬ 
utor  tables  list  the  photon  production  rates  for  each  nuclide  that  contributes  more 
than  a  user-specified  fraction  of  the  total  photon  production  rate  for  each  group 

(1:101). 


■  yf;i 


m.  Modifications  Made  to  the  Code 


Although  the  0RIGEN2  code  was  written  to  run  on  one  of  the  larger  IBM 
systems,  it  has  also  been  modified  to  run  on  a  Digital  VAX  11/780  using  the  VMS 
operating  system.  Since  the  AFIT  SSC  is  a  VAX  11/785,  it  was  anticipated  that 
the  changes  made  to  run  the  code  on  the  11/780^  would  also  work  for  the  SSC. 
Most  of  the  modifications  did,  in  fact,  translate  satisfactorily  to  the  SSC;  how¬ 
ever,  since  the  SSC  uses  a  UNIX  operating  system,  an  unforeseen  problem 
occurred  in  one  of  the  integer  functions  that  reads  the  input  files. 

Integer  function  QQPACK  reads  the  input  data,  character  by  character,  and 
constructs  words  from  the  characters.  The  need  for  such  a  function  arises  due  to 
the  free-format  nature  of  the  ORIGEN2  input  files.  When  the  SSC  attempted  to 
compile  QQPACK,  it  generated  an  error  message  relating  to  the  use  of  a  LOGI¬ 
CAL*!  variable.  When  LOGICAL*  1  was  changed  to  simply  LOGICAL,  QQPACK 
compiled  properly,  but  read  only  the  first  letter  of  each  word  in  the  ORIGEN2 
command  file. 

After  much  troubleshooting,  the  following  changes  proved  successful  in 
remedying  this  system-related  idiosyncrasy: 

INTEGER  FUNCTION  AREAD 

On  line  ARE  50,  add  AREAD  to  the  list  of  integer  declarations. 


fSee  CCC-371  (9:v-xv)  for  a  summary  of  these  changes. 
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INTEGER  FUNCTION  QQPACK 


Replace  the  entire  function  with  the  following: 

INTEGER  FUNCTION  QQPACK(A,B,I) 

INTEGER  A, B,D, QQPACK 
CHARACTERS  E 
EQUIVALENCE  (D,E) 

D  =  A 

E(I:I)  =  CHAR(B) 

QQPACK  -  D 

RETURN 

END 

The  validity  of  the  replacement  QQPACK  function  was  verified  through 
a  three-step  process.  In  each  step,  a  main  program  supplied  values  of  A,  B, 
and  I  for  use  in  integer  function  QQPACK.  Values  of  I  were  constrained  to 
integers  1  through  4,  as  in  the  ORIGEN2  code.  In  step  one,  the  original 
QQPACK  function  was  tested  on  the  AFIT  Classroom  Support  Computer 
(CSC),  a  Digital  VAX  with  VMS  operating  system.  Step  two  was  to  test  the 
replacement  QQPACK  function  on  the  CSC.  The  final  step  was  to  test  the 
replacement  QQPACK  on  the  SSC.  Table  1  shows  the  input  values  of  A,  B, 
and  I  that  were  used  and  the  values  of  QQPACK  that  were  returned  in  each 
step. 

It  is  evident  from  Table  1  that  the  replacement  QQPACK  performs 
identically  to  the  original  QQPACK  over  the  range  of  values  tested.  Perhaps 
a  more  convincing  verification  is  that  when  the  sample  problem  supplied  with 
the  ORIGEN2  package  is  run  using  the  replacement  QQPACK,  the  results 
match  the  sample  results  obtained  with  the  original  QQPACK  (see  Appen¬ 
dix  I).  A  small  anomaly  in  the  replacement  QQPACK  function  has  been 
observed,  however.  To  be  properly  read,  the  ORIGEN2  command  file  must 
have  every  record  starting  in  column  one.  Other  than  this  restriction,  input 
files  can  still  be  read  in  a  free-format. 
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Table  1.  QQPACK  Verification 
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IV.  Description  of  the  ORIGEN2  Command  File 


The  use  of  "commands"  by  ORIGEN2  provides  a  significant  increase  in  flexi¬ 
bility  compared  to  the  original  ORIGEN  code  with  respect  to  simulating  the 
situation  being  analyzed.  An  ORIGEN2  command  directs  the  code  to  perform  a 
single  action,  such  as  reading  a  data  library  or  decaying  the  spent  fuel  for  a 
specified  time  period.  Each  command  is  invoked  by  a  three-  or  four-letter  key¬ 
word  with  appropriate  parameters  for  the  particular  operation.  The  series  of  com¬ 
mands  is  maintained  in  a  file  external  to  the  code,  thus  enabling  the  user  to  make 
even  major  changes  to  the  case  under  consideration  with  relative  ease;  no  editing 
or  recompilation  of  the  code  itself  is  necessary.  The  logic  of  this  command  stream 
is  similar  to  a  computer  language  such  as  FORTRAN.  The  use  of  ORIGEN2 
commands  allows  one  to  define  the  flow  sheet  for  any  case  to  be  analyzed,  no 
matter  how  complex  it  becomes. 

As  an  example,  Figure  1  shows  the  command  file  for  a  case  in  which  natural 
uranium  fuel  is  irradiated  for  293.3  days  in  a  Canada  deuterium  uranium  reactor 
to  a  burnup  of  7500  megawatt-days  per  metric  ton  of  initial  heavy  metal.  The 
fuel  composition  is  written  to  an  output  file  every  30  days  after  start-up  until  the 
fuel  cycle  is  complete.  The  specific  commands  are  summarized  below.  For  a 
detailed  listing  of  all  the  ORIGEN2  commands  and  their  associated  parameters, 
refer  to  ORNL/TM-7175  (1:25-61  a). 

The  first  three  cards  (-1)  are  end-of-file  markers.  Had  this  case  involved  fuel 
reprocessing  and  the  user  wanted  to  override  the  default  values  for  various  frac¬ 
tional  recovery  values,  then  appropriate  replacement  data  would  be  placed  before 
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Figure  1.  Sample  0RIGEN2  Command  File 


each  end-of-file.  Even  though  this  case  performs  no  fuel  reprocessing,  the  -1  end- 


of-file  records  are  still  required. 


BAS:  Case  basis.  Supplies  an  alphanumeric  message  to  be  printed  in  each  output 
section. 

LIP:  Library  print  control.  Specifies  whether  the  input  data  libraries  are  to  be 
printed. 

LIB:  Read  decay  and  cross  section  libraries.  Controls  which  data  libraries  are 
read  and  identifies  the  input  unit  for  substitute  data  cards  (if  any). 
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PHO:  Read  photon  libraries.  Identifies  which  photon  libraries  are  to  be  read 
(activation  product,  actinide,  or  fission  product)  and  the  input  unit  for 
these  libraries. 

OPTL:  Specify  activation  product  output  options.  Controls  which  of  24  output 
table  types  are  to  be  printed  for  the  activation  products. 

OPTA:  Specify  actinide  output  options.  Controls  which  of  24  output  table  types 
are  to  be  printed  for  the  actinides. 

OPTF:  Specify  fission  product  output  options.  Controls  which  of  24  output  table 
types  are  to  be  printed  for  the  fission  products. 

INP:  Read  input  composition.  Identifies  where  to  read  initial  material  composi¬ 
tions  and  their  units.  Assigns  a  storage  vector  (array)  number  for  the  ini¬ 
tial  compositions. 

MOV:  Move  composition  from  vector  to  vector.  Copies  the  nuclide  composition 

data  in  one  vector  to  another  vector.  Options  include  multiplying  the  orig¬ 
inal  vector  by  a  second  vector  before  storing  in  the  destination  vector. 

BUP:  Burnup  calculation.  Identifies  the  beginning  and  end  of  a  series  of  fuel 
irradiation  commands. 

IRP:  Specific  power  irradiation.  An  irradiation  step  using  a  specified  specific 
power.  Reads  the  material  compositions  at  the  beginning  of  the  interval 
from  a  specified  vector  and  stores  the  compositions  at  the  end  of  the  inter¬ 
val  in  another  specified  vector. 

TIT:  Case  title.  Provides  a  title  which  is  printed  at  the  top  of  the  page  at  the 
beginning  of  each  output  section. 

OUT:  Print  calculated  results.  Controls  which  output  vectors  are  to  be  printed 
and  to  what  output  unit  they  are  directed. 

END:  Terminate  execution.  Identifies  the  end  of  the  ORIGEN2  command  stream. 


Following  the  END  command  is  the  initial  fuel  composition,  including  impu¬ 
rities.  The  actinide  isotopic  composition  and  the  impurities  elemental  composition 
are  both  expressed  in  grams  per  metric  ton  of  initial  heavy  metal.  Conversion 
from  an  amount  of  a  naturally  occurring  impurity  element  to  amounts  of  each 
nuclide  is  accomplished  internally  by  using  the  natural  isotopic  abundances  input 
with  the  decay  library  (1:74). 


V.  Cases  Run 


Within  this  section  are  descriptions  of  each  of  the  eight  cases  examined.  The 
values  of  the  operating  parameters  listed  below  were  determined  by  the  ORIGEN2 
model  for  each  specific  case.  Appropriate  references  for  these  operating  charac¬ 
teristics  are  also  included.  Each  case  is  identified  by  reactor  type  and  total 
burnup  in  gigawatt-days/metric  ton  of  initial  heavy  metal  (GWd/MTIHM). 

The  output  sections  of  the  referenced  appendices  contain  both  isotopic  and 
elemental  fuel  compositions  for  the  actinides  and  fission  products.  The  zero  time 
is  at  start-up  with  fresh  fuel.  Note  that  the  compositions  are  expressed  in  frac¬ 
tional  gram-atoms,  or  fraction  of  atoms,  for  each  segment  (actinide  or  fission 
product).  For  example,  a  value  of  0.0311  for  U235  would  indicate  that  3.11%  of 
the  actinides  are  U235  atoms.  A  cutoff  fraction  of  0.001  has  been  used,  so  that  the 
only  isotopes  or  elements  listed  are  those  which  comprise  at  least  0.1%  of  their 
respective  segment  at  some  point  during  the  run.  This  cutoff  fraction  pertains 
only  to  the  output  and  has  no  effect  on  the  accuracy  of  the  calculations. 

Pressurized  Water  Reactor  (PWR),  33  GWd/MTIHM 

The  ORIGEN2  PWR  models  are  based  on  a  Westinghouse  design  (6:3).  The 
operating  characteristics  for  this  case  are  as  follows: 

Total  burnup:  33.0  GWd/MTIHM  (6:75) 

Specific  power:  37.5  MW  (thermal)/MTIHM  (6:75) 

Number  of  full-power  days:  880  (6:75) 
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Fuel  composition 

Actinides  (grams/MTIHM):  290g  U234;  32,000g  U235;  967,710g  U238  (6:60) 

Impurities  (grams/MTIHM):  134,454g  oxygen;  traces  of  other  elements 

(6:58) 


Appendix  A  contains  the  input  command  file  for  this  case  and  the  resultant 
output. 


PWR,  50  GWd/MTIHM 

The  operating  characteristics  for  this  case  are  as  follows: 

Total  burnup:  50.0  GWd/MTIHM  (3:19) 

Specific  power:  37.5  MW  (t)/MTIHM  (3:19) 

Number  of  full-power  days:  1333  (3:19) 

Fuel  composition 

Actinides  (grams/MTIHM):  376g  U234;  41,500g  U235;  958,124g  U238  (3:12) 

Impurities  (grams/MTIHM):  134,454g  oxygen;  traces  of  other  elements 

(6:58) 

Appendix  B  contains  the  input  command  file  for  this  case  and  the  resultant 
output. 

Boiling  Water  Reactor  (BWR),  27.5  GWd/MTIHM 

The  ORIGEN2  BWR  model  is  based  on  the  General  Electric  BWR/6  design 
(6:3).  The  operating  characteristics  for  this  case  are  as  follows: 


Total  burnup:  27.5  GWd/MTIHM  (6:75) 


; 

i 

Specific  power:  25.9  MW  (t)/MTIHM  (6:75)  j 

Number  of  full-power  days:  1062  (6:75)  j 

Fuel  composition 

Actinides  (grams/MTIHM):  247g  U234;  27,500g  U235;  972,253g  U238  (6:60) 

Impurities  (grams/MTIHM):  134,454g  oxygen;  traces  of  other  elements 

(6:58) 

Appendix  C  contains  the  input  command  file  for  this  case  and  the  resultant  j 

output. 

* 

Canada  Deuterium  Uranium  Reactor  (CANDU),  7.5  GWd/MTIHM 

The  ORIGEN2  CANDU  models  are  based  on  the  Gentilly  2  reactor,  which  is 
typical  of  modern  CANDU  reactors  (4:2).  This  case  uses  natural  uranium  as  its 
fuel.  Its  operating  characteristics  are  as  follows: 

i 

Total  burnup:  7.5  GWd/MTIHM  (4:33) 

Specific  power:  25.57  MW  (t)/MTIHM  (4:33) 

Number  of  full-power  days:  293.3  (4:33) 

Fuel  composition 

Actinides  (grams/MTIHM):  55g  U234;  7115g  U235;  992,830g  U238  (4:29) 

Impurities  (grams/MTIHM):  134,454g  oxygen;  traces  of  other  elements 

(4:28) 

Appendix  D  contains  the  input  command  file  for  this  case  and  the  resultant 
output. 
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CANDU,  20.9  GWd/MTIHM 

This  case  uses  slightly  enriched  uranium  as  its  fuel.  Its  operating  characteris¬ 
tics  are  as  follows: 

Total  burnup:  20.9  GWd/MTIHM  (4:33) 

Specific  power:  25.57  MW  (t)/MTIHM  (4:33) 

Number  of  full-power  days:  817.4  (4:33) 

Fuel  composition 

Actinides  (grams/MTIHM):  102g  U234;  12,000g  U235;  987,898g  U238  (4:29) 

Impurities  (grams/MTIHM):  134,454g  oxygen;  traces  of  other  elements 

(4:28) 

Appendix  E  contains  the  input  command  file  for  this  case  and  the  resultant 
output. 

Liquid-Metal  Fast  Breeder  Reactor  (LMFBR)  -  Core,  100  GWd/MTIHM 

The  ORIGEN2  LMFBR  models  are  patterned  after  a  commercial  design 
based  on  the  Prototype  Large  Breeder  Reactor  study  (5:2).  The  operating  charac¬ 
teristics  for  this  case  are  as  follows: 

Total  burnup:  101  GWd/MTIHM  (5:20) 

Specific  power:  123.25  MW  (t)/MTIHM  (5:20) 

Number  of  full-power  days:  822  (5:20) 

Fuel  composition 

Actinides  (grams/MTIHM):  1676g  U235;  813,656g  U238;  2586g  Pu238; 

101,567g  Pu239;  46,738g  Pu240;  24,557g  Pu241; 
9220g  Pu242  (5:18) 


Impurities  (grams/MTIHM):  134,454g  oxygen;  traces  of  other  elements 

(5:19) 

Appendix  F  contains  the  input  command  file  for  this  case  and  the  resultant 
output. 

LMFBR  -  Axial  Blanket,  100  GWd/MTIHM 

The  operating  characteristics  for  this  case  are  as  follows: 

Total  burnup:  5.66  GWd/MTIHM  (5:20) 

Specific  power:  6.89  MW  (t)/MTEHM  (5:20) 

Number  of  full-power  days:  822  (5:20) 

Fuel  composition 

Actinides  (grams/MTIHM):  2000g  U235;  998,OOOg  U238  (5:16) 

Impurities  (grams/MTIHM):  134,454g  oxygen;  traces  of  other  elements 

(5:19) 

Appendix  G  contains  the  input  command  file  for  this  case  and  the  resultant 
output. 

LMFBR  -  Radial  Blanket,  100  GWd/MTIHM 

The  operating  characteristics  for  this  case  are  as  follows: 

Total  burnup:  5.9  GWd/MTIHM  (5:20) 

Specific  power:  3.59  MW  (t)/MTIHM  (5:20) 

Number  of  full-power  days:  1644  (5:20) 
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Fuel  composition 

Actinides  (grams/MTIHM):  2000g  U235;  998,000g  U238  (5:16) 

Impurities  (grams/MTIHM):  134,454g  oxygen;  traces  of  other  elements 

(5:19) 

Appendix  H  contains  the  input  command  file  for  this  case  and  the  resultant 


output. 


VI.  Results 


The  volume  of  data  pertaining  to  the  isotopic  fuel  compositions  appearing  in 
Appendices  A  through  H  leads  to  some  difficulty  in  making  direct  comparisons 
among  the  various  cases.  This  section  presents  plots  derived  from  this  data  to 
facilitate  such  comparisons.  The  latter  portion  of  this  section  shows  how  to  con¬ 
vert  fractional  gram-atoms  to  grams. 


Illustrative  Plots 

In  order  to  allow  meaningful  comparisons  among  the  cases  studied  and  to 
draw  conclusions  regarding  the  distinctiveness  of  each  case,  a  number  of  visual 
representations  of  the  output  data  are  presented  on  the  following  pages.  Con¬ 
sistent  with  the  output  format  of  ORIGEN2,  the  plots  depict  fission  products  and 
actinides  separately.  Figures  2  and  3  show  the  amounts  of  selected  fission  product 
isotopes  relative  to  the  amount  of  Mo"  at  270  days  and  720  days,  respectively. 
Mo"  was  used  as  the  fission  product  ratio  basis  so  as  to  maintain  compatibility 
with  current  AFTAC  analysis  techniques.  To  keep  the  plots  from  becoming  too 
"cluttered,”  only  one  example  of  each  reactor  type  is  shown:  PWR  (3.2%  U235), 
BWR  (2.75%  U235),  CANDU  (1.2%  U235),  and  LMFBR  (core). 

Figures  4  through  7  depict  actinide  compositions  relative  to  U238.  Since  the 
fissile  fuel  of  the  LMFBR  is  Pu02,  there  is  a  large  LMFBR  Pu239  content  reflected 
in  Figures  4  and  6.  To  better  illustrate  the  actinide  compositions  of  the  other 
three  reactor  types,  Figures  5  and  7  have  omitted  the  LMFBR  case. 
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Conversion  of  Fractional  Gram-atoms  to  Grams 

For  many  applications,  isotopic  fuel  composition  expressed  in  grams  is  more 
useful  than  composition  in  fractional  gram-atoms.  Without  re-running  the 
ORIGEN2  code,  some  approximations  can  be  made  which  will  allow  the  output 
data  in  the  appendices  to  be  converted  from  fractional  gram-atoms  to  grams  with 
fairly  good  results  (within  three  or  four  percent). 

To  calculate  the  amount  of  a  given  fission  product  in  grams,  assume  that 
each  fission  releases  200  MeV  of  energy  and  produces  2  fission  fragments.  The  fol¬ 
lowing  equation  may  then  be  used: 


grams 

MTIHM 


r  \  /  \  / 

Burnupin^MWa  2.70X1021  -S22H-  2  fission  products 

MTIHM  MWd  fission 

'  '  y 

v  [Fraction]  Gram  atomic  wt. 

lof  atoms  J  mole 

-~  fe.022  X 1023  fission  --r-agmeD..S  (5) 

(  mole  v  ’ 


As  an  example,  consider  the  Cs137  production  in  a  33  GWd/MTIHM  PWR  at 
880  days.  F rom  Appendix  A,  the  fractional  number  of  Cs137  atoms  is  found  to  be 
3.026  X  10-2.  Using  Eq  (5),  the  equivalent  number  of  grams/MTIHM  is  deter¬ 


mined  thus: 


grams 

MTIHM 


33,000  iJfffisr)  (2-7°xio2‘  -fj^r 

X  (3.026  X  10~2)  |137  gra”aS 
I  mole 

r  V  ' 

-  6.022  X 1023  fissioD  fra6ments 

mole 


fissions  ^  fission  products 
MWd  fission 


1227  grams 


This  approximation  is  within  2.43%  of  the  ORIGEN2-generated  value  of  1198 
grams. 


The  assumption  of  200  MeV  per  fission  is  also  implicit  in  converting  frac¬ 
tional  gram  atoms  of  actinides  to  grams,  as  shown  below: 


grams 

[  (Moles  of  fuel  1 

(Moles  of  fuel  11  (  Gram  \ 

(F raction  J 

MTIHM  ~ 

1 1  initially  J 

r  ( 

(  burned  jj  (at.  wt.  J 

(of  atoms) 

106  grams/MTIHM 


[  (Average  atomic  weight  J 

(Burnup  in  MWd/MTIHM)(2.70  X 1021  fissions/MWd) 
6.022  X 1023  fissions/mole 

X  (Gram  atomic  wt.)  (Fraction  of  atoms)  (6) 

As  an  example,  consider  the  U235  depletion  in  the  same  33  GWd/MTIHM 
PWR  at  880  days.  From  Appendix  A,  the  fractional  number  of  U235  atoms  is 
found  to  be  8.348  X  10-3.  Eq  (6)  can  then  be  used  to  compute  the  equivalent 
number  of  grams/MTIHM: 

grams  _  106  grams/MTIHM 

MTIHM  "  237.9 

(33,000  MWd/MTIHM)(2.70X1021  fissions/MWd) 
6.022  X 1023  fissions/mole 

X  (235)  (8.348  X  10“3) 


7956grams 

This  value  compares  quite  favorably  (within  0.09%)  to  the  ORIGEN2-generated 
value  of  7963  grams. 
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VII.  Conclusion 

The  primary  objectives  of  this  thesis,  as  set  forth  in  Section  I,  have  been  met. 
The  ORIGEN2  code  was  adapted  and  modified  to  run  on  the  AFIT  SSC  system. 
The  details  of  the  modifications  required  to  run  the  code  on  a  UNIX-based  VAX 
system  were  described  in  Section  III  and  have  been  forwarded  to  Mr.  Scott 
Ludwig,  Oak  Ridge  National  Laboratory,  for  inclusion  in  the  next  update  to 
CCC-371.  Appendix  J  is  directed  toward  future  0RIGEN2  users  at  AFIT  and 
includes  helpful  suggestions  for  running  the  code  on  the  SSC  in  particular, 
though,  in  general,  much  of  this  appendix  can  be  applied  to  any  computer  with  a 
UNIX  operating  system.  The  cases  selected  for  analysis  were  meant  to  be 
representative  of  typical  commercial  nuclear  reactors.  The  results  of  these  anal¬ 
yses  have  been  included  in  a  comparatively  lengthy  set  of  appendices  so  that  the 
individual  with  an  interest  in  any  of  these  specific  cases  will  not  have  to  duplicate 
the  efforts  that  were  required  to  produce  each  group  of  output  data.  As  seen  from 
Section  VI,  the  isotopic  compositions  of  both  the  actinide  and  fission  product  seg¬ 
ments  are  distinctive  enough  to  distinguish  among  the  different  reactor  types 
examined  in  this  study. 

It  is  worth  re-emphasizing  that  the  fuel  compositions  presented  in  Appendices 
A  through  H,  except  for  initial  compositions  contained  in  the  command  files,  are 
expressed  in  fraction  of  atoms  relative  to  each  segment— actinide  or  fission  prod¬ 
uct.  The  ORIGEN2  code  does  not  easily  generate  output  based  on  anything  but 
the  respective  segment. 

An  area  for  further  study  might  be  to  modify  the  code  or  otherwise  devise  a 
method  to  output  results  with  respect  to  the  entire  fuel  composition.  Another 
area  of  follow-on  study  would  be  the  determination  of  fuel  composition  after  a 
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sample  has  been  removed  from  the  reactor  and  allowed  to  decay  for  a  given  period 
of  time.  A  third,  more  ambitious  topic  is  that  of  creating  a  cross  section  library 
for  a  reactor  type  not  already  within  the  ORIGEN2  files,  such  as  the  Chernobyl 
RBMK  reactor.  Finally,  future  ORIGEN2  use  would  be  greatly  facilitated  by  the 
construction  of  a  separate  code,  based  on  interactive  inputs  provided  by  the  user, 
to  build  the  ORIGEN2  command  file.  Such  a  code  is  envisioned  to  be  user- 
friendly,  combining  menus,  help  features,  appropriate  default  values,  etc.,  so  that 
someone  familiar  with  nuclear  reactors,  but  not  the  mechanics  of  the  command 
file,  could  use  the  ORIGEN2  code  with  much  less  difficulty  that  is  presently  the 
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Appendix  A:  PWR,  33  GWd/MTIHM 
Command  File  and  Output  Data 


-l 

-l 

-l 

B*s  ONE  METRIC  TON  OF  PkR-U  FUEL 


LIP 

0  0 

0 

LIB 

0  0 

2  3  204  205 

206  S 

3  0 

PNO 

0  0 

0  10 

optl 

8  8 

8  8  8  8  8 

8  8 

8  8 

8  8  8  8 

8  8  8 

OPTA 

8  8 

8  7  8  8  8 

8  8 

8  8 

8  8  8  8 

8  8  8 

OPTF 

8  8 

8  7  8  8  8 

8  8 

8  8 

8  8  8  8 

8  8  8  1 

INP 

-1 

1  -1  -1 

1 

1 

MOV 

-1 

1  0  1.0 

SUP 

IRP 

30 

37.5  1 

2 

4 

2 

IRP 

60 

37.5  2 

3 

4 

0 

IRP 

90 

37.5  3 

4 

4 

0 

IRP 

180 

37.5  4 

5 

4 

0 

IRP 

2T0 

37.5  5 

6 

4 

0 

IRP 

360 

37.5  6 

7 

4 

0 

IRP 

4  50 

37.5  7 

8 

4 

0 

IRP 

540 

37.5  8 

9 

4 

0 

IRP 

630 

37.5  9 

10 

4 

0 

IRP 

T20 

37.5  10 

11 

4 

0 

IRP 

880 

37.5  11 

12 

4 

0 

BUP 

TIT 

* 

IRRADIATION  OF  CNE  METRIC 

TON  OF 

OUT 

12 

1-10 

ENO 

2 

922340  290.0 

92235C 

32000.0 

922380 

4 

030000  1.0 

05000C 

1.0 

060000 

4 

080000  134454. 

0  0900CO 

10.7 

110000 

4 

130000  16.7 

14000C 

12.1 

150000 

4 

200000  2.0 

22000C 

1.0 

230000 

4 

250000  1.7 

26000C 

18.0 

270000 

4 

290000  1.0 

30000C 

40.3 

420000 

4 

480000  25.0 

49000C 

2.0 

500000 

4 

740000  2.0 

82000C 

1.0 

830000 

1  1 

(isiaa 
8  S  a  8  8 
8  8  8  8  8 


PMR-U  FUEL  * 


967710.0 

0  0.0 

FUEL 

ACTINIDES 

89.4 

070000 

25.0 

FLEL 

INPUR 

15.0 

120000 

2.0 

FUEL 

INPUR 

35.0 

170000 

5.3 

FUEL 

INPUR 

3.0 

240000 

4.0 

FUEL 

INPUR 

1.0 

280000 

24.0 

FUEL 

INPUR 

10.0 

470000 

0.1 

FUEL 

INPUR 

4.0 

640000 

2.5 

FUEL 

IMPUR 

0.4 

C 

0.0 

FUEL 

IMPLR 

i 

*. 


O  9HIAO9<0OO«H\ 
m  «  rs  u  •  m  o  m  **  p» 

•D 

r»  ««>  «*i  <e  N®mm« 


O  0*4000000*40 

O  ♦  ♦♦***♦♦♦♦♦ 

•  ••••»*»••••• 

O  •V«9tf>00r*tf>0<«IM 

*4  w  ♦  p*  n  •  i*)  O  n  r» 
p*-  •  *••»*••••• 

«  «•»  *i  »»i  nniini>i  i»» 


u  o*teuaooo  ho 

o  ♦♦♦♦•«♦♦♦♦♦ 

O  «»®BOO®0«® 

i*>  «  4*1  p»  m  i  s  o 

w  ••••**••■•• 

KtPinfl  ■  •  m  m  i*t 


♦  ^  m  •  n  n  m 


O  0*40004000*40 


O  BmtrtBHSOo^ir 

®  •  4  N  n  |IMO«niMP> 

f*t  M  4*1  ®  ®  W  1*1  4*1 


«  Hosm  *  «  *i*n  n  r* 
in 

v>  4n  m  m  <r  «»  **»  m  vi 


4  a  o*40oa>ooo**o 

40  o  ♦♦♦♦«♦♦♦♦♦ 

*4  •  ••••*>!••«•• 

•  a  O  4*>P^if»«jfM<oO'#>r* 

•  O  4*  44MH  ICOmNN 

4  <  N  (  I  t  I  *4  t  (  •  «  « 

n  «  **  *«  »*>  m  004*1*14*1 

•  3 


a  o  o  e*400«nooo*40 

*  *  o  ♦♦♦♦*>♦♦♦♦♦ 

3  ®  •  •  •••*-••••• 

J  *4  o  «**«iar40404in 

14  K  04  «0  «»Mn  •  o  O  4*1  4M  K 

K  3  *4  lt««*44»lit 

•■4  «.  «4K4im  h  Not  m  m 

•  K 

*  OH3 

SKI  *•  «♦  *4  m  «  V  4*1  *  <4  *4 

J1U«  O  0*400*14000*40 

O*  4  J  O 

s<*  ata.  •  ttatNatatt 

•to*  o  o  o  «f>  m  «*t  *4  o  o  •#  wi 

♦  o.  <r  r«f*4  •  o  «o  *n  r*  r» 

9  •  Q  l  «  t  im  t  i  i  »  • 

I  o  k  *4  4n  * 4  HMnmn 

*  o  s 

SO  Q 

4  O  K  44'**4*l««4*t<#'**4 

«  O  0*4000000*40 

Ik*  o  o  ♦♦♦♦©♦♦♦♦♦ 

O  4*1  H  I  ••••*••«•• 

*  o  •9nmfi4*n><f  n 

*  *  K  *o  H«hH  tommNN 

O  <L  04  •  4  •  9*4  1*11* 


H3  VI  0'#*44*lf»«4*l^T«*4 

*  •  44  o  0*400*4000*40 

K  VI  o  ♦♦♦♦«♦♦♦*♦ 

04  4  •  ••••*!••••• 

4  •  ■  O  ®Bini»i*iurv4in 


«•  a  4  o 


♦  ♦♦♦  ♦  ♦  ♦  ♦  ♦ 

•  •  •  •  §  %  f  •  f 

o  uo  w  o  woooo 


)S  1^00  930 


X1H103  4 

•  O  J4  ail  V) 


o  99  a 


.av^v.v-v,  «•  ;<*  v 


OUTPUT  UNIT  •  11 


I  I  •  •  I  (  I  ♦ 


N  ft  h  m  pi  m  ho 
O  OOOOOOOO 
O  I  I  I  I  I  |  f  ♦ 

•  •••••••• 


o  o  o  o 

III* 

•  •  •  • 


o  o  o  o 
I  »  I  ♦ 

•  •  9  9 


OOOOOOOO 
I  I  I  I  I  I  I  ♦ 


>0000000 
I  I  I  I  I  I  ♦ 

H  (ft  <#000 


OOOOOOOO 
I  1  I  I  I  I  I  ♦ 


“  o  OOOOOOOO 

o  I  I  «  |  •  •  I  ♦ 

•  w  •  9*98**9a 

J  J  o  f»Nftfit«ftno 


O  OOOOOOOO 

o  I  I  •  I  I  I  1  ♦ 

O  NBH0H««0 
N  Nnp.fl  0>l^ifto 


•  Ji  g  OOOOOOOO 

21  o  1  1  1  1  1  1  1  • 

'**  •  •••••••• 

«.  m  no»Hiftifto>o 

•  h  v\fr)««ns<ro 

no  ■#  ••••*••• 


XHIL  N«  Hfl  HO 

^  o  OOOOOOOO 

*  *  •  •  •••••••• 

0^«  o  «N«0«N«0 

♦ **  o  000*10*100 

•  w  a.  «(p«iro  ««o 

O  O  •••••«•• 

O  *  «.  N««ihhh»h 

OOO 

O  O  ft*  *  Hf)«l«HO 

w  *  o  OOOOOOOO 

•  O  o  I  •  I  I  I  «  |  * 

"*•>■  •  #•••#••« 

o  O  hNNflHI>1«0 

J  ^  #OH«#0 

*  ►  ►  N^(ftn«lf  rn 

ar  m 

3^  *  N-#  H  4  Ifth  HO 

OO  O  OOOOOOOO 

2  O  I  I  I  I  •  I  |  * 

•  *■  O  OKlf«fH((i«U 

9  3  M  «9>o 

a  WflflfllfU 


•  ♦  I  ♦  ♦  ♦  I 

999*99* 


303339*0 


u  0000 

o  III* 

•  •  •  • 

O  o  «f»  <0  o 


o  0000 

o  III* 

9  9  9  8 

o  OHfNO 
«  N  O  9>  O 
«>  OOOO 

l  •  •  « 


H  fl  H  O 

o  0000 

o  III* 

•  •  •  • 

O  «  9  N  o 
m  ft  0>  *  o 


•  >-  *1  »n*  o 

k  a  •  •  •  • 

Ol  »  ft  9  H 

x  r 

<«  H«HO 

m  u  0000 

o  «  o  lit* 

*«  •  «  •  • 

•  o  «*  a  o 

•  -i  f  0000 

*«  N  *N*Q 

N  Z  •  •  •  • 

•  O 
ft  H 

►  Hfl  HU 

■  o  o  0000 

*«  o  III* 

3K  •  •  •  •  • 

OIL  O  0**0 

it.  o  ««*o 

•  H  O  O  O  O 

w  H  •  •  •  • 

•  X  «U  r  fllf  H 

•  003 

31  *4  I ft.  H  fl  H  o 


♦  X  »  »  «m*o 

3  ta»a  0000 

I  00  •  •  «  • 

«  ox*.  *  h  o*  h 

x  000 

a  OO  HAHO 

in  x  o  0000 

4-  •  O  O  III* 

O  fl  H  h  •  t  •  t  f 

w  O  0**0 

x  I  JU  <0  «  H  *  O 

o  ft  a  h  0*400 

»-  34  a  t*ii 


1  at  o  0000 

4  O  |  |  «  * 

X  •  a  a  a 

•ft  O  *MT» 


♦  ♦  ♦  ♦ 

•  a  #  a  a 

o  0000 


I 

1 


>  M 


>00004 
•  III 
>  •  •  •  • 

►  *»  o  »n  . 

►  my  <o  o  «  4 

"COM3. 

►  •  •  •  • 


I  •  #  0 

>  •  •  •  • 

I  •"»■»<#  O  I 


I  t  I  I 

>  •  •  •  • 

I  *  *  »  «  I 


100000000004 

I  »  «  I  I  I  I  I  I  I 

»•••••••••• 

lHf44iN9>S«nM<)«4 

Mnn<(lNCOH«NiM 


mnmnwn  •«  mi 
000000004 
I  I  •  I  I  I  I  I 

N«m(h'firNor 

Nrr)K«K)«00( 

in^NNNnnci 

w  w  w  in  w  w  i>i  # 
ooooooooc 
I  I  I  I  »  t  I  I  I 

r»N«h>w«o«i 


i  «*  w*  <• 

>  o  o  o  o 

I  t  »  • 

I  •  •  •  • 


>  «  r*  tf>  * 

>  o  o  o  o 
(III 

I  •  •  •  • 


►  o  o  o  o 
I  I  I  I 

'  •  •  •  • 

I  «♦  o  •  o 


??????????????0000000000®000®00000000000000®000°0000 
•«  •  *t  tltttltlftfllll  |t«  •  |  II  t  If  ftttll 

••••••• 

Nco^DNNOcNhNnoMcaa^Hgtca^sHB^tf^MoiomcNiinVMMinKinocKi^inSSt 

••••••••••*•••••**••••••••••••••••#•••#•••••••••*••• 

lTH)M«*4««i4*4<M*4'4imNNN>M#NMIMnN)M«'INinHNNNf4Hin*4tA)«)IAnf4f4<C*4N^O'>n*4«4Nlb« 

c(nn(nmmmNN«<yi>4mNNNN«nf4N4NN4NNmNN«NNfl(nnm«im««'C«««w<N4Niftt 
??????7???0?000000000000000000®00000000000©000®°0000 
I  I  I  I  I  I  •  I  I  I  I  I  I  I  •  I  ■  I  ■  ■  t  I  i  1  t  I  i  •  •  t  •  •  i  •  •  a  •  >  ■  t  i  ■  i  I  1  •  1  i  •  >  <  ■ 


W»imnnnmNNNflNNNNNNNWnNlftNNWNNCNNfl|ill^Cnm^»ni*lC  4  l 
OOOOeOOO0OOOOOOOOOOOODBoaaoaaaooaciBaaaoaai 


o^rwrar^Nr-fir(r*r»«!00(n««00«»»N^«irN0mH(nH(n»»H0«KKn«0«»4^0ff'0 
m  m  ^  m  ^  ^  ^  ^  C'*  ^  ^  ^  ^  ^  «0  r>*  m  m  ^  ^  ^  ^  ^ 

tllllli??????000000000000000000000000000000000000000 


aSS«a«22222222222ooo®®ooo®oooooo©oaooo,,wowoooo®oooo0 

22222x2222220000000«>oooooooooooooooooooooooooooooooo 

22222200000000000000000000000000000000000000000®000° 

••••••••••*•••••••••••••••#••••••••••••••••••••■•••• 

wooooooooooooooooeoooooooooooooooooooooooooooooooooo 

•••••••••••^^^^•"•‘•*oooo#»04rooooooooooooooo*^*^*«»r«**4(*nfn^iwi»imm 


•■0UKUOOOUO33 

I  >4  N  I  t  N  K  4  t  t  K  t  ■  ■ 


03* 3003000001 


1 


!iii 


$ 

r.ti 


dy, 


J: 

> 

$ 


I 

% 

•ft 

'*v 


i 


i 


•»?! 

ffl:. 

% 

& 


Kv 

V 

ft 


•»> 

Ss 

v,. 

*(. 


»*<  it  •  uni  iruino 


\ wai  irru ■-■  jmmut  *u  mirf 


G 


o  ooeouQeeeooeooooooeooooooooooeQOoo 

*  i  i  «  i  i  i  i  i  i  i  i  i  i  i  i  •  i  i  t  i  *  i  t  i  i  »  <  i  i  i  i  i  ♦ 

o  rN«en«««m(N«««NW«cK«i|nNNwnrKMK«ov>^No 

m  i*i  m  in  m  mm  m  m  f>  ^  '4i^i^vimhv>n  h  •>«  «n  m  m  «  m  «  a  n  n  n  h  o>  h 

O  OOOOOOOOOOOOOOOOOOOOOOQOOOOOOOOOOO 
o  *  I  »  I  I  I  I  I  I  I  »  I  I  •  I  I  I  |  I  t  I  I  I  I  |  I  I  I  I  |  I  I  |  ♦ 

•  •  ••#•#•##•#••••*•###•##«##•*###### 

e  N«mninnfop*intf>o*4«i«inNN)n9‘OiN^^<ao>r«N«*i*iNf«o 

t/>  f.  9>K««0>ONONN»N«hMn9H9i«IAmON«niM)HONir>«O 

►  •••••••••••■••••••»•••«••••»•«•••• 

W  N<nNMrtmmmr>»niMNN««MMMMMni<rM«)ii|pnnpiPi'N9iv>H 

o  NNmmNNNN««MnNN^«>VNNNN«nmiiHnnffi«mn«Mo 

u  o  OOooooUQOOOOOOOOUDOOOOUOOOOOUOOOOO 

*  o  I  I  I  I  4  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  t  <  I  |  |  I  (  |  |  t  I  |  ♦ 

a.  •••••••••••••••••••••••••••••••••• 

e  •A«MA«««^BK|«0»ce«N«e«N«M4»>NO«««»0 

m.  try  NV>«o*n^«m>«»N«ir»«««Ndg»f»NntmnAi««on«»e 

NO 

m  NNfnmNNNN^^NnNNio^NNNNN^'nmmmffiinfmn^MO 

a.  o  ooooooooooaooooooooooooooooooooooo 

°  i  i  i  i  t  i  i  i  i  i  *  i  i  i  i  i  i  i  i  t  i  i  i  <<  i  i  i  i  i  »  i  i  «- 

o  ■#Niinma>BisinaP)NHm«n<awi«N«4sooi/,Hon\^i«*N«ir*r>o 

•9  «o>o>Q«nnKao«a«»o>«iA«oNiABmH>nn4^ino«ON«o 

*>  OKO4)0)ONO^m0«AMNNOHm«Pl>M*4HH<«K«VaHOIA«O 

<m  ni  r»  f.  nmpiNit^MNNNNtrvNHH  h  <■)  pi  m  Hwxninnri<N  «  V>  m 

NNminNNMNm«NmNN4mNNNNN4mmmmnAi«nn4*io 

O  OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

o  «  •  I  I  I  I  t  I  I  I  I  I  »  I  I  »  I  |  I  I  I  I  I  I  •  t  I  »  I  I  I  I  •  ♦ 

o  SiZiZZZi \ZZZZZiZXZmZSi:ZZZZZZZ2!Z 

**  v>«*»om«nv>wr>«c*«unon9>0«i|«<nM^Ninf4tA»n«»o 

♦  OKi-««urxoMm9>vv««p4«4N<«<ffMncNown««inM«m«o 

u  NNmmfXfxiNNn«MmMix«mNNNNN«p)««nmmP)«n<q«MO 

9  O  0000000000000000000009000000000000 

**  °  •  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  ♦ 

♦  NO 

"?  *  o  «<4h.mo>N««0  9<N9>«NOHa)9>a«irinH»un«4«iNNO«Qo 

♦  O  «  *»  ©  *>  O  o  «  «  o  *  f-.  *  *•  *  «#  «  e  o  w  »-  a»  i*  m  •>  «  r*  «n  «  «  o  m  w  o  o 

o  «  n  m  f!  ^  m  n  n  n  «!  •!  n  m  n  4  h  *!  n  •{  *!  h  h  «  «  •  ■  h  m  ia' m  n  h  «  »  h 

X  s 

X  «  NNP)nNNNNmfNnr«N«nNNnNN«fn«minnfn«mn«HO 

•  o  OOOUUOOOUOOUOOOUOOOOWUQOOOUQOOOUOO 

2**  °  •  •  »  i  i  i  *  i  »  *  i  «  »  •  i  •  »  i  »  i  t  «  i  •  i  •  •  t  i  •  •  i  ■  ♦ 

t  •  •••*••••••••••••••••••••••••••••99 

♦  e  H4c»^NN««»NNQC»moNO>«N«3«NiAMnw«>«iMAO 

J  J  n  M«NMi»op(i4o««ain«ff<0>Pi«n«in«NN«inieNNH«<c«io 

^  o  nmHMonnmNNN«NNHHNM*iHH«MN«Hnvs«inf4n»H 

i-  5  p  O  O  O  O  O  O  o  O  O  O  O  O  O  O  O  O  O  O  O  O  o  O  O  O  O  o  O  O  O  O  O  O  O 

o  •  I  I  I  I  I  I  I  I  I  I  I  »•  I  I  (  I  I  •  I  I  I  I  I  I  I  I  I  I  I  I  I  ♦ 

39  •••••••••ttttttfttVtVtttttVtttttVt 

-*  a  o  ^^‘«^«oo-««noitf*v^<ni^f>«fMoi«»inm<«’#f<.e«D«oor««-«v*or>o 

J[  ^  *«  -•'•K»NOnHOOKN-N«O0‘«OW»,«®OO-«®i«KHf»N^t,O 

^itnr>r‘*iPiPiPim«Nr>p(>VPiNNr«<tiHMr«Mnstf>pMn«>Noiv«H 

9  0  0  9 

x  h  k,  NN«fnNr4NNn«NNNN4WNNnNNmin*n«nmmnm«He 

J  ^  ►  O  POOUaOOOQOOOOOOOOOOOOOOOOOUOOOOOOO 

2  ^  2  p  °  •  •  •  i  •  •  •  i  i  i  •  i  i  i  •  i  •  •  •  •  •  •  i  i  t  •  •  i  i  •  i  i  i  ♦ 

p  2 «  •  •••••••••#•••••••••••••••••••••••• 

a  Ot»  «  O  mrvmH«NN9m«NON4Bh>tftnr*|0»*09<aBN'ON«v>VHO 

♦  *  J  o  o  >#  •4*4mr*>etn*ia»r»or»o«rk<'>*  o  •  9  «f*  «o»NH\r«nmmoo 

^  •  «*  a  o«tt«NapiMHm<tN«aN«Mn««fltNin«^in«Hino«|io 

*  ou  •••«•••••••••••••••••••••••••••••• 

m  oxi  mm*i^tf«mmin<o»N>4HN«NwxNmHH«4»N»minwHNpNP4*iH 

9  ouo 

a  o  o  NN«nNNMNmmN^NM«i>iNNnNNnh«n4mm«nn4«MO 

m  2  o  OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

a  •  o  o  I  i  i  I  I  I  i  I  I  I  i  i  I  I  I  i  I  I  I  i  I  i  <  i  I  I  i  i  I  I  I  »  %  ♦ 

o  «  »  I- 

9*  o  a>«0'*«4«n'n«40M™min'uwirtv>^wi«4Wf*iwrtfo<#v>o«»'r«V‘F»00 

o  a  •  •«*4«90A«4rNf«9«|««99<«N9«9N<e««4'#N«N«e90 

►  3  <  «  ••••••••••••••••••«••••••••••#•••• 

x  ►-  P-  MPifyr*mpimnaii«NHMix</iaMNNMHfxNiNBfxininMf«rHv«i 

U  ■  « 

n  3>  x  NNnnNixNNNm(vMnNnNNNmNNmn^m«unnmm«^HO 

*  mm  o  ooooooooooeooooooooooooooooooooooo 

£  ;  •  ii«i*tttiiiitiiittiiiii(iii»iiiii^ 

>  3  «  0*0«09m<#N099NN«O^OViin090NNr«V>»««))«IMnO 

*  a  «"  v  w  pi  •■  «i  ip  «  *  <n  w  »p  pi  pi  *i  «  !/•  <  *«  o  it  «i  r»  «  u  w  v>  •«  r  w  w 

o  t*  +  n  n  «V  i!  n  n  m  f!  J  •!  4  k  n  J  J  p!  m  •)  *!  m  «!  •  #  ■  m  n  «  «l  •!  •  «  •  J 

o 

a  ♦  OOOUUOOOOOOOPOOOOOOOUDOOOOP0000090 

O  •  M  0000000000000009000000000000000000 

_  p  ♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦•♦♦♦♦♦♦♦♦♦♦♦ 

M  O  999999999999*a«9«99999999999999999 

O  O  o  O  O  o  O  O  O  O  O  O  O  O  ®  O  O  ©  O  ©  O  O  O  O  O  O  •  9  o  ©  o  o  o  o  o  o  o 

*~*  f  o  o  o  o  o  o  o  o  o  o  ©  o  o  o  ©  o  o  o  o  o  o  o  o  o  o  o  o  o  m  o  o  o  o  o 

►  **  o  o  ©  o  o  o  o  o  o  o  o  o  o  ©  ©  o  o  ©  o  o  o  O  Q  O  o  o  o  ©  o  o  o  o  o  o 

S  "  oooooooooooooooooooooooooooooooooo 

«  a 

ar  m 

m  m 

►«  * 

M«MMWM4«i<i«awiriuBSao«ooouxtOXOtit3030 


# 


,t  .1  • 


»• 


| 

lW 


»* 

:! 


S3 


S1 


ii'1 

8 


oooo«oooo90ooooooeoooooeooooeoo 

i  i  i  t  i  i  i  i  i  »  i  *  »  •  t  *  *  t  «  <  *  *  •  i  »  i  •  i  i  i  ♦ 


o  ©oooooooooooooooooooooooooooooo 

O  I  I  |  |  I  I  I  I  I  I  I  t  «  I  I  •(  I  I  I  I  I  I  |  1  I  I  I  •  t  ♦ 

•  999999#999999999999999999944994 

r>4 

m  ♦NiNNNH«H(sMNNi»wnmN(nHNNrjWNNnr<nmHO 

u  oeopoQOOuouQoooooooooooooooeooo 

e  t  I  t  I  I  l  *  I  l  I  •  I  l  (  I  •  I  I  l  t  I  I  I  f  i  •  I  I  I  I  ♦ 

•  •••••••••••••••••••••••••••••• 

O  H««9NN9O9N9Of»9<O«O0HHO««SN<C<Oe«9O 


OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  ♦ 


O  OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOI 
O  I  »  I  I  |  I  »  I  *  I  I  I  I  I  I  I  •  I  •  I  I  I  •  •  I  •  I  I  I  I  - 


lit  O  OOOOOOOOOOOOOQOOOOOOOOOOOOOOOOO 

0  O  •  |  f  I  I  I  I  I  I  I  1  t  I  t  t  I  t  I  I  I  I  t  I  I  t  I  t  I  I  I  9 

IV)  ••••••••••••••••••••••••••••••• 

•  o  «  <ioi>««Hf)H«Krt«)o«oNv>««KanortoaH«i«o 

•  9-  m  no«nnN«ooc«'*N«9>MHNno<iHa«^«mNN9o 

X  <  ••••••*•••••••••••••••••••••••• 

X  x 

««  mnNriNN*«mH04NNNm(nmNmHNNNNNNnNm^Ho 

at  u  ooueeooooooouooouoooooooooooooo 

•  u  e  t  i  i  i  i  »  t  I  *  i  . . .  •  »  I  I  t  i  i  i  I  »  I  I  »  ♦ 

H 

9  ©  onHW««««coNnH»<«o<onr>MnimninNNN4an 

•  w  r>  ONi»i»N"i4ift(nhO«*'»Oift«MniftiniM'H(n9'»-i««o 

«  4  n  oo«fl"»  ♦fHHiNnowHoma'fNir'iiro 


■  u  o  o  o  o  ©  o  o  o  o  o  o  ©  o  o  o  o  o  o  o  o  o  ©  o  o  ©  o  ©  o  o  o  o  o 

K4  O  t  I  t  I  I  I  *  t  I  I  I  t  I  >  I  «  I  I  I  I  I  I  I  I  I  I  I  I  (  I  ♦ 

39  •999999999«*»»*«**»999999999999 

ja  o  9*‘90f-^wo»n«r^wffc*<M«jr'0(nH»fw(n»>t»M«iftinvo 

«k  m  m  m  i-  m  -•  f  ^  i  f-  **  •*  O  •  *«  f  ©  *n  m  o  <#  o  m  m  o  e  <♦  o  o  e 

•  *4  9Oh9O«9Ne9NMin«4lll0«<9m0«H9  9K«nH9»i9e 

M  ^  ••#•••«•••••••••••••••••••••••• 

•  9  w  ***-tfvr44»*4r“V»*)4»r4r»«»*>*w*9v**»4 

O  O  -3 

SHX  HHniMNW«IMnNNNnN9WinN«*4NNNNNN«N«9*40 

1  U  OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOQ 

m  3  <9  I  I  I  i  I  «  I  I  t  I  I  I  (  I  I  I  t  I  I  I  I  t  I  I  I  I  I  I  I  I  9 

99  I  ••••••••#•#•••••••••••••••••••• 

O  f>  B  O  •B«pm*BV»V»***'9V)'4r-©0>®*9©^rfc©f40*,“«9’9>#*B*9©«*»0© 


I  o  u 

«  9X9 

X  ooo 


#*>  Z  O  0  0  0  0  0  0  0  0  9  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
ML  •  O  O  I  I  fllltltlfll  It  llllll  IIIIIIIII9 
o  «  •••9M9M999999MMMMM999MMMMMMM99M 

•I  O  «r»^M0ni99Via«4in00V9ONmN99>l9M9O9O9O 

Z  I  JU  9  9990>49Ml»l9N9*««inn9K9*4h90»4Hfl9n«N90 

o  X  •  H  9O9f>0f>rf>B|^(n9Or>N9Nm'n>eNmi9H0N0NN90 


U  9  W 

M  3  ^  X  n«NNNN*4nWNN««9«mNN*«NNNNN«imn«9»< 

9  091  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O  O 

V  4  O  Ittlltltfllllllllltltlllllltll 


f>  V«l»9wn<*f«m9  «  *4  f  f4  V  4  MB|MV9«<IMIilMM««l«W 


♦  ♦♦♦♦♦♦♦♦♦♦99499999 


Appendix  B:  PWR,  50  GWd/MTIHM 
Command  File  and  Output  Data 


-l 

-l 

-i 


us 

ONE  NETRIC 

TON 

CF 

PkR-U 

<4 

.ISO 

FUEL 

LIP 

0  0 

0 

LIB 

0  0 

2  3 

219 

22C 

221 

9 

3 

0 

1 

PHO 

0  0 

0  10 

OPTL 

BBS 

8  8  8 

8  8 

8 

8  8 

8 

8 

8  8 

8 

8  8 

8 

OPTA 

8  8  8 

T  S  8 

8  8 

8 

8  8 

8 

8 

8  S 

8 

8  8 

8 

OP  TF 

BBS 

7  8  8 

8  8 

8 

8  8 

8 

8 

8  8 

8 

8  8 

8 

INP 

-1  1 

-1 

-1 

1 

1 

NOV 

-1  1 

0  1 

.0 

BUP 

ISP 

30 

37.5 

1 

2 

4 

2 

ISP 

90 

37.5 

2 

3 

4 

0 

ISP 

180 

37.5 

3 

4 

4 

0 

ISP 

2T0 

37 .5 

* 

5 

4 

0 

ISP 

360 

37.5 

5 

6 

4 

0 

IBP 

5*0 

37.5 

6 

7 

4 

0 

IBP 

T20 

37.5 

7 

8 

4 

0 

IBP 

900 

37.5 

8 

9 

4 

0 

IBP 

1080 

37.5 

9 

10 

4 

0 

IBP 

1260 

37.5 

10 

11 

4 

0 

IBP 

1333 

37.5 

11 

12 

4 

0 

SUP 

TIT  *  IRRADIATION  OP  CNE  METRIC  TON  OF  PMR-U  (4.151)  FUEL  • 

OUT  -12  1-10 

CMC 


522340 

376.0 

92235C 

41500.0 

92238C 

958124.0 

0  0.0 

FUEL 

actinides 

030000 

1.0 

05000E 

1.0 

060000 

89.4 

C70000 

25.0 

FUEL 

INPUR 

080000 

134454. 

0  0900(0 

10.7 

110000 

15.0 

120000 

2.0 

FUEL 

INPUB 

130000 

16.7 

14000C 

12.1 

150000 

35.0 

170000 

5.3 

FUEL 

INPUR 

200000 

2.0 

22000C 

1.0 

230000 

3.0 

240000 

4.0 

FUEL 

INPUR 

250000 

1.7 

26000C 

18.0 

270000 

1.0 

280000 

24.0 

FUEL 

INPUR 

290000 

1.0 

30000C 

40.3 

420000 

10.0 

470000 

0.1 

FUEL 

INPUR 

480000 

25.0 

49000C 

2.0 

300000 

4.0 

(40000 

2.S 

FUEL 

1NPUR 

740000 

2.0 

82000C 

1.0 

830000 

0.4 

c 

0.0 

FUEL 

INPUR 

0 


43 


‘  i'fc  lift***!'  Mf**j<**j 


M'mW 


•  •  •  « 

#n  ►  hk  c 

m  c 

m  ®  h  it  c 

M  •  •  •  • 

0  »4  0  •- 


I  «  O  ^  9>  O  H\  O 

>  u>  m  •  n  m  n  o 

l  •  K  O'  K  N  ^  O 


o  ©  o  o 

lit* 

•  •  0  • 

04  ■*  W  © 

r»  mu  o 


i  *4  o 

I  O  O  U  O  O  U  U 
I  I  I  I  I  I  * 


o  o  u  o 
III* 

•  •  •  • 


i  <t  D  O  N  Q  *4  o 

O  H  >N  "I  «  X  o 


•  s  m  «r  o 

O  lit  u  v>  c 

«4  «  •  •  • 

f  H»n 


I  9>  N  V  N  *  <0  0 
lOOWNWO 

•  o  a-  0  o  m  0  o 


so  <#  m  © 
0  •  a*  o 
0  *  O'  c 

•  It! 


oooooooo 

I  I  I  I  •  I  I  * 


h  »n  o 

O  O  O  O  C 

O  III* 

•  •  •  • 

o  m  r-  *o  c 

K«  H  «  0  C 

^  r  n  0  o 

•  •  •  • 
0  0  0  r< 


I  ©  o  o  o 

III* 

>0  0  0  0 


I  0  N0  O 

i  n  m  0  o 
»  •  •  •  » 
■  ~4  <0  0*  *4 


«*  m  «*  o 
o  o  o  c 
I  I  l  * 

0  0  0  * 

0*  *4  t+  e 

MI*I0C 


I  0  0  *4  O 
I  o  o  o  o 
I  I  I  * 


►  <0  0  o 

•4«0O 

4  0  0  0 


O  III* 

0  0  0 

O  N  N  «  < 

<o  *  »  0  < 

«n  0ooh 
•  •  • 
000< 


J  3  or 

UJ  J  IL  /% 

3  0.  •* 


I  0  0  *4  O 

>  o  o  o  o 

I  I  I  * 
10  0  0  0 

•  *  o 
10*00 
I  0  *>  0  O 

>  <  •  •  • 
|  <f  M  0  M 


O  o  O  O  < 

:  u.  ©  (It* 

0  0  0 


**  f-  0  *0  ( 
*  IA  N  0  O  0*  I 
I  H  •  •  • 


♦  0*  O 

Of  f  *  H 

X  0  00 


t«O0U 
1***0 
f  N  ^  0  H 


0  Z  O  O  O  < 

u.  •  o  e  i  i 

O  *  ••  h  •  0  0 

01  O  O  0  « 

z  a  jo  0  n  «( 

O  ft  0M  0  0  1 


i  o  o  o  o 
III* 

10  0  0  0 

0  HO  o 


z  o  o  o  o  « 

O  ©  III* 

•  a-  •  0  0  0' 

•  O  *  HOI 

IU  0  •'#01 

I  04  0  0  0  1 


’  *>  f»  *4  © 
I  ©  O  O  O 
III* 
10  0  0  0 
*  rx  r MOO 
I  HI  <o  #  O 

1  V*  W  V  o 


III* 
0  0  0  0 

*0*0 
0  *M  0  O 
*  w  o  w 


>  O  O  O  o 
♦  ♦  I  ♦ 

*0  0  0  0 

>  O  O  <V  o 


o  o  o  o 
♦  ♦  ♦  ♦ 

0  0  0  0 


33939331 


I 


s 


9 


K 


% 

K« 


E»!r 


w 

i 


K7 


& 

& 

ft 


fe 


?! 

ft, 

•  .< 


BS 


B 

ft 

r*  ■ 


$ 

?u. 


K 


iv; 


ROHM*  3.75000*401  RM  ,  8UIKUR*  4.95075*404  MM0«  OLUX*  3.10*414  N/CH**2-SEC 
4  !U»>fl*Rr  T40LE  S  CCHCENTR4U0NS  ,  MACT10N41  GMH-ATOKS 


a 

0 

o 

ISO 

o 

AO 

e 

on 

o 

on 

© 

on 

O 

»40 

o 

»4< 

o 

on 

© 

040 

O 

AO 

O 

0 

o 

© 

O 

040 

o 

0 

o 

ON  ON 

o  o 

© 

O 

0 

O 

© 

0 

© 

0 

© 

0 

© 

O 

© 

O 

0 

O 

© 

O 

© 

0 

03 

03 

05 

03 

© 

O 

0 

© 

© 

O 

© 

O 

© 

0 

© 

0 

© 

0 

O 

O 

o 

« 

i 

* 

i 

i 

t 

I 

1 

i 

1 

t 

1 

1 

1 

* 

t  [ 

1 

1 

1 

1 

• 

1 

< 

• 

1 

1 

1 

1 

t 

1 

1 

1 

t 

1 

1 

1 

1 

♦ 

m 

© 

0 

© 

0* 

on 

IA 

00 

o 

z 

© 

0 

0 

A* 

© 

m 

A  « 

CD 

0 

© 

© 

0 

0  A 

© 

© 

© 

0  © 

0  © 

© 

© 

0 

0  on 

© 

O 

© 

A- 

w 

04 

© 

© 

0 

04 

0- 

m 

© 

Ml 

nC 

© 

© 

©  HO 

© 

© 

© 

0 

m 

© 

© 

m 

A- 

© 

O 

0 

90 

© 

© 

© 

© 

0 

0 

0 

cu 

O 

© 

© 

0 

0 

• 

© 

• 

0« 

• 

© 

0 

on 

• 

© 

• 

0 

• 

HO 

• 

hC 

• 

© 

• 

• 

PI 

C 

© 

• 

ON 

c 

0  © 
•  • 

© 

C 

0 

C 

0 

c 

0 

• 

0 

• 

© 

C 

0  © 
C  • 

C 

© 

c 

0 

C 

© 

• 

© 

© 

c 

© 

9 

0 

• 

© 

© 

C 

0 

c 

© 

9 

CD 

c 

O 

c 

IN 

AO 

A1 

m 

on 

040 

040 

on 

040 

040 

0 

© 

040 

0 

*N  A0 

© 

0 

© 

© 

© 

© 

© 

0 

PI 

© 

© 

© 

© 

P» 

© 

0 

© 

PI 

© 

© 

© 

0 

O 

© 

O 

o 

o  © 

o 

0 

0 

0 

o 

0 

0 

0 

0 

© 

0 

0 

0 

0 

0 

0 

0 

0 

O 

0  e 

0 

0 

0 

©  O 

0 

0 

©  © 

0 

0 

0 

0 

o 

i 

1 

1 

1 

i 

t 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1  t 

1 

1 

1 

1 

• 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

♦ 

© 

£ 

m 

AO 

0 

04 

© 

HO 

0 

0* 

0 

© 

0 

© 

© 

CD  0 

© 

0 

0 

co 

© 

© 

© 

© 

0 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

0 

© 

IN 

0* 

<A 

*» 

on  0» 

O 

<A 

© 

0  © 

0 

©  © 

© 

O 

© 

© 

0 

© 

0 

© 

0 

© 

0 

© 

90 

90 

90 

© 

© 

© 

00 

0 

0* 

© 

© 

• 

AO 

© 

• 

A 

A* 

• 

on 

• 

AO 

on 

o 

m 

© 

0 

• 

A0 

A| 

• 

HO 

• 

P> 

o 

on 

0* 

• 

HI 

0 

© 

o 

• 

Al 

© 

© 

0  © 
•  0 

ON  ON 

0 

C 

PI 

0 

© 

0 

C 

© 

© 

» 

0 

0 

© 

© 

• 

© 

0 

• 

© 

© 

© 

• 

© 

© 

0 

c 

u> 

© 

0 

© 

9 

P> 

O 

• 

0 

0 

c 

© 

© 

c 

ON 

0 

ON 

m 

• 

© 

0 

• 

© 

0 

C 

0 

0 

c 

u 

0 

O 

on 

O 

AO 

© 

on 

o 

on 

o 

on 

o 

040 

o 

040 

o 

on 

© 

040 

o 

HO 

o 

0 

o 

© 

o 

ON 

o 

©  ON  AO 
OOO 

© 

u 

0 

O 

© 

O 

© 

© 

© 

0 

© 

O 

© 

0 

0 

0 

© 

O 

© 

0 

© 

0 

© 

0 

© 

O 

© 

© 

© 

0 

0 

© 

O 

© 

w 

0 

0 

© 

0 

© 

O 

0 

0 

o 

1 

1 

1 

i 

1 

I 

i 

1 

» 

1 

1 

1 

1 

» 

1 

1  1 

1 

1 

1 

t 

1 

1 

1 

1 

1 

1 

1 

1 

f 

1 

t 

1 

1 

1 

« 

f 

1 

♦ 

o 

0 

A- 

© 

©  © 

m 

0 

0* 

© 

© 

z 

z 

© 

m 

©  0 

e 

© 

© 

0 

CO 

© 

0  © 

CA 

0 

© 

ON 

© 

© 

0 

ON 

© 

<A 

<A 

© 

0 

© 

04 

© 

4—0 

© 

m 

© 

p> 

nO 

on 

CD 

0 

o 

0 

©  © 

© 

© 

0 

© 

© 

© 

0 

0 

0 

© 

0 

0 

ON 

© 

© 

0 

O 

© 

0 

© 

© 

0 

u 

AO 

W 

A* 

0 

A# 

A0 

0— 

o 

© 

A* 

© 

0 

© 

o 

0  © 

© 

© 

© 

© 

p* 

© 

0 

© 

UJ 

PI 

0 

ON 

•1 

U 

0 

0 

0 

0 

U 

0 

• 

0 

A0 

A0 

© 

on 

«H 

04  IA 

on 

nO 

on 

on 

0 

0 

PI 

- 

AO  ON 

0 

0 

© 

«o 

© 

- 

© 

© 

© 

© 

*> 

0 

© 

0 

© 

ON 

ON 

© 

0 

© 

0 

© 

o 

0 

o 

N 

O 

AO 

o 

m 

o 

0 

© 

on 

O 

040 

o 

040 

o 

0 

o 

3000000000 

© 

O 

©  © 
O  O 

© 

O 

02 

04 

03 

© 

e 

© 

O 

03 

05 

03 

03 

0 

O 

©  © 
O  O 

04 

03 

01 

00 

© 

1 

1 

1 

l 

1 

1 

1 

1 

1 

1 

t 

1 

1 

1 

» 

1  1 

1 

t 

t 

1 

1 

1 

1 

f 

1 

1 

t 

1 

1 

1 

1 

l 

1 

1 

1 

♦ 

o 

A- 

o 

A- 

m  hi 

<n 

m 

© 

« 

© 

o 

© 

IN 

© 

PI 

©  0 

0 

O 

© 

0 

© 

O 

© 

© 

0 

© 

© 

© 

© 

© 

© 

0 

O 

© 

© 

© 

0 

o 

o 

AO 

0* 

0 

o 

0 

0 

r+ 

CD 

AO 

0 

0 

0 

0* 

© 

©  © 

© 

© 

© 

0 

© 

© 

© 

© 

0 

CD 

O 

0 

ON 

© 

© 

© 

© 

© 

S' 

CD 

O  O 

04 

A- 

0* 

© 

04 

A- 

N 

A- 

o 

0 

HO 

o 

0 

0 

0>  © 

0  © 

© 

ON 

© 

© 

© 

0 

0 

m 

© 

© 

0 

00 

© 

© 

© 

© 

© 

© 

0  O 

04 

0 

AO 

AO 

HI 

AO 

CD 

0* 

IA 

on 

« 

m 

HI 

© 

© 

HO 

- 

ON  ON 

© 

© 

- 

© 

© 

© 

- 

- 

© 

© 

CO 

© 

0 

PI 

© 

© 

© 

© 

© 

© 

0* 

© 

a 

0 

o 

A0 

o 

A0 

o 

© 

o 

0 

o 

on 

o 

AC  IN  0 
©  ©  © 

HO 

o 

040  0  IA  040  on  040  040 

o  ©  ©  ©  ©  ©  o 

© 

0 

0 

O 

© 

O 

© 

O 

© 

0 

© 

O 

© 

O 

0 

0 

© 

0 

© 

O 

© 

0 

© 

O 

© 

0 

© 

O 

© 

© 

0 

O 

© 

O 

© 

0 

0 

O 

0 

O 

© 

O 

0 

0 

o 

» 

1 

1 

i 

I 

t 

1 

1 

t 

1 

1 

1 

1 

1 

t 

1 

1 

• 

1 

1 

1 

( 

1 

1 

1 

t 

1 

1 

1 

1 

1 

1 

1 

l 

1 

1 

1 

♦ 

© 

o 

0 

o 

on 

IA 

o  © 

JS 

04 

A- 

040 

on 

040 

ON 

0 

©  0 

0 

on  0  0  on 

0 

z 

© 

© 

0 

© 

©  on  © 

© 

0 

© 

m 

(D 

0 

m 

0 

AO 

04 

o 

o 

m 

© 

0 

O 

HO 

•c; 

0 

© 

0 

© 

04 

0 

A0  174 

© 

© 

0 

0 

A- 

O 

0 

pi 

© 

© 

0 

«n  © 

0 

© 

© 

0 

0 

© 

© 

0 

0 

© 

A 

• 

on 

o 

• 

on 

CD 

« 

0  © 
•  • 
A 1  01 

Ho 

• 

© 

© 

• 

IA 

o 

• 

PI 

0 

0 

A0  O 
c  c 
pi  on 

©  © 
c  • 
A.  04 

© 

• 

ON 

r*» 

c 

© 

0  © 
•  0 
ON  ON 

m 

• 

0 

© 

• 

0 

© 

• 

© 

• 

© 

© 

© 

C 

© 

© 

c 

© 

© 

c 

© 

© 

c 

0 

© 

C 

© 

0 

• 

90 

© 

• 

© 

0  m 
9  9 

0  © 

© 

C 

© 

0  0© 
C  •  C 
©  AC  AC 

© 

C 

0 

• 

© 

0* 

t 

© 

0 

c 

© 

o 

-a 

o 

AO 

o 

A0 

o 

on 

© 

0 

O 

on 

o 

ON  IN  0  04#  040  0 
©  ©  ©  O  ©  © 

0 

o 

ON 

O 

© 

O 

ON  ON 
O  O 

©  0  ON  HO 

OOOO 

© 

O 

© 

O 

© 

0 

0 

O 

© 

e 

© 

O 

© 

O 

© 

e 

© 

© 

© 

O 

© 

O 

0 

O 

P> 

O 

© 

0 

0 

O 

0 

O 

©  0 
0  0 

o 

i 

i 

1 

1 

1 

I 

1 

1 

1 

I 

1 

1 

1 

t 

1 

1  1 

1 

• 

1 

I 

1 

1 

1 

• 

1 

1 

1 

l 

1 

1 

1 

1 

1 

1 

1 

l 

♦ 

e 

0 

A- 

<0 

on 

o 

H« 

IA 

m 

040 

« 

CADOBOA 

0 

© 

O 

0 

© 

© 

PI 

0 

0  0 

© 

© 

© 

0 

90 

m 

0 

© 

© 

m 

0 

0 

0 

© 

A» 

o 

© 

A- 

© 

IA 

AO 

0 

0 

o 

A- 

© 

© 

© 

©  © 

© 

0 

m 

© 

© 

© 

© 

© 

© 

© 

O 

© 

© 

© 

© 

0 

90 

© 

© 

© 

© 

e 

in 

on  e 
•  • 
♦  on 

■> 

• 

on 

© 

C 

© 

ON 

c 

© 

© 

• 

© 

© 

C 

© 

© 

C 

© 

© 

• 

© 

• 

© 

• 

© 

© 

c 

© 

© 

c 

© 

0 

• 

CO 

© 

C 

ON 

AC 

• 

CD 

© 

c 

© 

© 

C 

© 

0 

c 

0 

© 

• 

AC 

0 

c 

0 

C 

0 

0 

• 

© 

04 

• 

© 

0 

c 

U  OPOODOCIOWOUUOOUOOOaUOOOOOOOOOOOOOUOUOOO 

O  •  »  I  •  I  •  «  I  I  »  »  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  •  I  •  I  •  I  I  I  ♦ 

B0000000000N0000000B0000000000000000000 

O  n«s«»9>e««NH<OiA«»hooH04»«imB«in74«nmiA<oiAKin«H09ie 

«  nNO«4  40Hmo^nO9>««««Mn9«N4«^»HnNOf44inHOO9>noHO 


«nn*4H»«nm<nm*(Hf\HnNNHHN40HrtH««e>«HHmiMAnHNn9'*4 

3  o  e  o  o  e  o  o  ©  o  o  e  o  ©  e  e  o  o  o  ©  o  o  o  o  o  e  o  o  o  ©  o  o  o  o  o  o  o  o  o  ©  e 

a.  o  i  i  i  i  i  •  i  i  i  i  •  i  <  t  i  i  r  i  i  i  i  t  i  i  i  I  i  i  i  i  (  i  t  »  i  i  i  i  ♦ 

000000000000000000000000000000000V00000 

a  o  a«HN«^f><n«>««nnr»g4««Mtfi««otANr»mv>«Nr*«i>oinmaniftNOO 

IT  n  N*4Boammo«<nHO<C0»>m0»(h<««9*«vMn«««B<o«iAH9>4»B9'O 


o©oooooooooooooo©oooooooooooooooooooooo 

I  •  •  i  I  i  i  i  i  i  t  t  i  •  i  I  I  i  i  i  i  i  t  I  i  i  i  i  i  t  i  l  i  i  •  «  i  •  ♦ 

MBMOOHn<ewHOO9>mBOB*4iMnmhtoh>nN0NHONNO«t9H«oio 

^<0VMT(OOr>^OlAAmO4NB  «N4H«HHQ 
mH0*9B«>i0Of»mHOONNf4WO0>«HN0in0HH««4tninp»r>-NN490O 


OOOOQOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

I  I  I  f  I  I  I  I  I  I  I  I  I  I  I  I  I  t  I  I  f  I  I  •  I  I  I  I  I  I  I  I  !  I  I  I  t  I  ♦ 


•  9»0BNMtfte0|m44HH<rN«0N9>HmN0«Bm00O««ff>l>>ttlO^Nre 


ANN*AM>i7<<y«NNNmNNnNmNNNnNNinn0n0nAnnm4iAtfiHO 
ooooooooooooooooooooooooooooooooooooooo 
I  I  *  *  t  I  I  I  t  »  I  I  I  I  t  I  I  I  t  I  I  I  I  »  I  I  I  I  I  »  I  I  «  I  I  »  I  I  ♦ 

©MI©©©H4d0©<Ain0P)©©©«O©<B©Pl0©ON00044;©©WlOIN©©©©©O 
BB*4BNN0n«#0XBBm«0ONN<0OOBOBBKnBN0nN«>HK<OO 
wi'i  hi  v<  «i  4«  «  un*ii**iw"«  h  in  w  v>  ri  *i  »i  «»i**f*ww*»**  4*  *  r>  r*  tb  <«  wfi  wv 


OOOOOOOOOOOOOOOUOOOOOUOOOUOOOOOOOOOOOOO 

v»  ooooooooooooeoooeoeoeoeoeoooooeeooooooo 

♦  ♦♦♦#♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 

o  oooooooooo©oooooooooooooooo©oooooooo©oo 
0000000000000000000000000*30000000000000 
ooooooooooooooooooooooooooooooooooooooo 


OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


WM0Oi«VHVMB««««iU0«W0«U0OOUOttUKtOltl93O3O 
HUMU0UKW0a«ittJUU&UUB  X  ! J  I  I  Z  X  B  l/IZMMZMMVtBBOMO* 


47 


U  OOOOOOOOOOOOOOOOOOOOOOOOOOOQOOO 
O  f  •  *  •  *  I  I  I  I  »  •  I  I  I  »  I  I  I  I  I  I  I  I  •  I  I  I  I  I  I  ♦ 


ooooooooooooooooooooooooooooooo 

I  t  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  («  I  f  I  I  I  I  I  I  •  I  I  ♦ 


n  m  o<  «#  m  «  r«  o  w  ^  o 

M  ••••••••••••••••••••••••••••••• 

NN^NnmwNNIVNmm(nWI»|HNNNNNM*lNfnF1-0 

o  ooeooooeoeoooooooooooooooooQoeu 

O  I  I  I  t  I  I  I  t  I  I  I  I  I  I  I  I  I  (  |  I  I  I  (  t  I  1  I  I  I  I  ♦ 


m^NNNNHfnHN^NNm^mNnHNMNN^r^inNmmHe 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
I  t  I  I  I  I  I  I  t  •  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  ♦ 


9>  «  «  9>  o 

N  IT  HHPIHHHHNf*  «N«Ct«<nH9>H 

m^NNMNHrtHNNNNrtnmNnHNNNNNNWNWnHO 
O  OOQOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
O  I  t  I  I  I  I  I  I  I  I  I  I  I  I  I  *  I  I  I  I  I  I  I  I  I  I  I  I  I  I  ♦ 


f»  nf»««o>ono<4Mn«o>«nNiMHmN«oH««4’toH( 


Ul  o  ooooooooooooooooooooooooooooooo 

0  ©  I  t  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  »  f  f  I  I  t  t  I  t  I  I  I  I  ♦ 

I  w  ••••••••••••#•••••••••••••••••• 

n  x  o  r**o»4inttmO«n'<iv>Ktfi<«oo<6*40«4«ON«mHf4«vt^e 

•  a  •*  mh»<«»<«H4Nf4m<#f4iA»««'«<nmr-NNttNiA«offkvo 


■  U  OOOOOOOOOOOOOOOOOOOOOOQOOOOOOOO 

<#  o  o  I  I  I  I  I  I  I  «  «  *  <  I  «  »  (  I  I  I  I  I  I  I  I  t  I  (  I  I  I  I  ♦ 

H  ••••••••••••••##••#•••#•••••••• 

4  O  N*4OMA^0»<rH0««KiniAN<#9>ONNm9>itlAmCinB9>O 

«  j  <o  o  a«  *  <r  ^  a* 

o«  i»»  *OMflmN<oOBHfi»'(n*OHO(nNinfi*«HO>NO«9,o 

•*  X  •••••••••••••••••••••••• . 

f)M  W 

|W  ti|mNN>VN«4^HNtMr>tNmi<MnNin«4NNNr«NNPlNm«MD 

•  *03  O  o  o  o  O  O  o  o  o  o  o  o  o  o  o  ©  o  o  ©  o  o  o  o  o  o  o  o  o  o  o  o  o 

X4M.  O  I  I  I  I  I  I  I  I  t  I  I  I  t  (  I  I  (  «  I  I  (  I  I  I  I  I  f  >  I  I  ♦ 

-I  3  at  »  •  •••••#•#•••••••••••••••••••••• 

m  JU.  A  o  NAAO‘o^omO'«NO«*o#fHtrnirin«^*MrA»N(PO 

j  *.  »»  r-  m  m  r»  ^  a*  *•  «  h*  **  *  •  o  o>  *>  *«-  «*  w%  r-  *  f  a*  «*  •*  #n  •  o 

xl  *ai  n  «or>«Mn«HO«Ofn«HW9'HomNiAH^no>«N««a>o 

V»H  ••••••••♦••••#••#•••••••••••••• 

•r  oo« 

ws  S  H  V  «««NWN»«rt»<NNNNfn«N«HIV«yNNNN«N«<^0 

m  x  ^  a  ooeooooooeooooooooooooooooooooo 

•  a  3  o  »  t  i  i  i  i  I  •  I  i  »  i  »  i  I  I  i  i  I  i  t  i  I  I  I  t  »  «  t  i  ♦ 

«  4  at  i  ••••••••♦•••••••••••••••••••••• 

W  O  *-  at  O 

t  z  x  a  «<iH<9mNroH^<r<obNiAmiA^oiA<ooNnntfimine«o 

3  •  «<  a  h  «o»«Ar«(noBOHfHQm(rHNm^«iN«fh4^»'io»ro 

1  mu  ••••••••••••••••••••••••••••••# 

a  r>  z  u. 

z  aoo 

a  r  U  w»NWNNH«NNNnNf««N(HrfNNriNft»NnNnfHO 

a  z  o  ooooooooooooooooooooooooooooooo 

X  •  D  o  I  I  I  I  I  I  <  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  ♦ 

O  4  ••  H  •  •#••••••••••••••••••#•#•§••••#• 

2  i  ju  a*  •aae4eH««m4a>aH»N0  9>o«K««H04Neaae 

o  x  a  h  aeaK^»-<Ainina«4inoa*4aNMfna»NONnKom«ao 

►  34  «  ••••»«•♦#•••«•  I  i  »  i  #  #  »  «  »♦«♦»•»•  • 

o  at  hi 

M  3  ►  I  mmNNNW*«nNNNmn^(HmNN*«NMNN^N«««4HO 

at  a  v  O  ooooooooooooooooooooooooooooooo 

►-  m  ©  i  I  f  I  i  >  i  I  i  i  i  i  I  i  i  i  l  i  i  I  i  I  i  i  i  i  i  I  «  I  ♦ 

Hi  Z  •  ••••••••••••••»••••••••••••••• 

*  •♦»•••*»•••••♦•••«••»«#*••  I  «••  • 

O  •«  «4  #4  •«  «  *4  m  *>  AI  *  «  <C  W*  w*  •*  •*  «H  ©  *  in  *  «m  ©  ©  •*  •«  9>  *« 


OOOOOOUOOOOOOOOOOOOUOOOOOOOUOOO 

ooooooooooooooooooooooooooooooo 

oeoooeooooooooeoooooooooeoooooe 


.  I«  V, 


-  'V‘*  • 


f 


Appendix  C:  BWR,  27.5  GWd/MTIHM 
Command  File  and  Output  Data 


-l 

-l 

-l 

8AS  CNE  METRIC  TOM  OF  BkR-U  FUEL 


LI* 

0  0 

0 

LIB 

0  0 

2  3 

251 

252 

253 

3 

0 

1 

4 

PhO 

0  0 

0  10 

OR  TL 

BBS 

8  8  8 

8  8 

8  8 

8 

8  8 

8 

8 

8 

8 

8 

8 

8  8 

8 

8 

8 

OPT* 

8  8  8 

T  8  8 

8  8 

8  8 

8 

8  8 

8 

8 

8 

8 

8 

e 

8  8 

8 

8 

8 

OPTP 

8  8  8 

T  8  8 

8  8 

8  8 

8 

8  8 

8 

8 

8 

B 

8 

8 

8  8 

8 

8 

8 

IMP 

-I  1 

-1 

-1  1 

1 

MOV 

-1  1 

0  1 

.0 

ecp 

IRP 

30 

25.9 

1 

2 

4 

2 

IRP 

60 

25.9 

2 

3 

4 

0 

IRP 

90 

25.9 

3 

4 

4 

0 

IRP 

180 

25.9 

4 

5 

4 

0 

IRP 

270 

25.9 

5 

6 

4 

0 

IRP 

360 

25.9 

6 

T 

4 

0 

IRP 

450 

25.9 

T 

8 

4 

0 

IRP 

540 

25.9 

8 

9 

4 

0 

IRP 

T20 

25.9 

9 

10 

4 

0 

IRP 

900 

25.9 

10 

11 

4 

0 

IRP 

1062 

25.9 

11 

12 

4 

0 

BL'P 

TIT 

«  IRRADIATION 

OP 

CNE 

METRIC 

TON 

OF 

BWR- 

U 

FUEL 

OUT 

-12 

1  -1 

0 

EMC 


2 

922340 

247.0 

92235C  27500.0 

9223S0 

972253.0 

0  0.0 

FUEL 

ACTINICES 

4 

030000 

1.0 

050000  1.0 

060000 

89.4 

070000 

25.0 

FUEL 

IMPUR 

4 

080000 

134454. 

0  C900C0  10.7 

110000 

15.0 

120000 

2.0 

FUEL 

IMPLR 

4 

130000 

16.7 

14000C  12.1 

150000 

35.0 

170000 

5.3 

FUEL 

IMPUR 

4 

200000 

2.0 

22000C  1.0 

230000 

3.0 

240000 

4.0 

FUEL 

IMPUR 

4 

250000 

1.7 

26000C  18.0 

270000 

1.0 

280000 

24.0 

FUEL 

IMPUR 

4 

290000 

1.0 

30000C  40.3 

420000 

10.0 

470000 

0.1 

FUEL 

IMPUR 

4 

480000 

25.0 

49000C  2.0 

500000 

4.0 

640000 

2.5 

flel 

IMPUR 

4 

T40000 

2.0 

82000C  1.0 

830000 

0.4 

C 

0.0 

FUEL 

IMPUR 

0 


] 
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•  3 
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#  OH  3 

»  ►-  I  •o*f««yomm'*'*~4 

JtUk  u  ohooo*ooohq 

««  «  a  o  ♦«♦♦«>♦♦♦♦♦ 

3  <#«U8  •  •••*>••••• 

a  o«  o  «N9<r<>NH«tn«» 

♦  +-  9>  h  h  »n  h  »  m  *4  r»  m  m 

39  O  ••••*«••••* 

I  •  »-  NN  H  9>  r-NN«N 

«  m  2 

so  a 

o  »  h  h 

H-  o  OHOOHOOOHO 

U.  •  VJ  O  ♦  ♦  +  +<©♦♦  +  ♦  + 

on  m  •  ••••octvta 

*  o  «a*mr>mm«mmm 

*  •  k  «C  mmm*»«P*oK<nm 

a  a  iu  •  *  «  •  h  •  «  •  •  i 

H  3  X  8  NNH  ^  ^  N  N  (N 


«n  « 
a  a-  © 
o»  mom 


a  jm 

K  UJ  *  O 


*.  ^  IU 

X  U  K 

X  V 


*  o  m  x  o 
■  o  3  j  a 


o  ohoohoooho 
o  +  ♦♦♦**»  +  ♦+  ♦ 

tatCHtatat 

o  momH»mp»r*mmo> 


o  X  u.  ► 
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X  MNHNN 
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oooo  •  o  o  o  < 
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"  okx  sa ■  a 

U3SB^OH33Q 

<**-  •  •  Z  «  Hi  K  IL 

■M  a.  M  4.  o  3  X 
•  *931  OSM 


x  a*  XX  x  x  X 

o  33  a  334 

■  x  x  «u  x  x  a 

OX  H 


•  *  X  Jt  -J  X  X  A. 


t 

if 

ss 


»* 

*  - 1 

a 


i 


? 

I 


> 

| 

i 


l«' 


H, 

f 

'f; 

\< 
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Appendix  F:  LMFBR  -  Core,  100  GWd/MTIHM 
Command  File  and  Output  Data 
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Appendix  G:  LMFBR  -  Axial  Blanket,  100  GWd/MTfflM 
Command  File  and  Output  Data 
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APPENDIX  Is 
Verification  Testing 

This  appendix  provides  documentation  of  the  verification  procedures  used  to 
assure  that  the  ORIGEN2  code  was  running  properly  on  the  AFIT  SSC  system, 
particularly  after  being  modified  as  described  in  Section  III.  Included  in  the  ORI- 
GEN2  files  are  a  sample  problem  and  the  resultant  output  data.  It  is  a  fairly 
involved  example,  as  evidenced  by  the  command  file  shown  on  pages  86  through 
89.  The  generated  output,  if  printed,  would  fill  over  400  pages.  Ordinarily,  the 
UNIX  diff  utility  can  be  used  to  compare  two  files  and  report  any  differences;  how¬ 
ever,  the  sample  results  files  supplied  by  ORNL  have  column  1  removed,  thereby 
negating  diff s  usefulness  in  comparing  the  SSC  results  to  the  ORNL  results. 
Instead,  the  actinide  and  fission  product  concentrations,  as  shown  on  pages  90  and 
91,  were  checked  manually  and  were  found  to  be  in  exact  agreement  with  one 
another.  An  additional  one  hundred  data  points  were  chosen  at  random  and 
tested  with  no  differences  noted.  The  discharge  actinide  compositions  of  each 
reactor  type  studied  were  also  verified  through  comparison  to  tables  appearing  in 
the  appropriate  references  (6:62;  3:16;  4:30,31;  5:30,31). 
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APPENDIX  J: 


Running  ORIGEN2  on  the  AFIT  SSC 

These  instructions  are  designed  specifically  for  use  with  the  AFIT  Scientific 
Support  Computer,  although  they  will  apply  in  general  to  any  VAX  computer 
with  a  UNIX  operating  system.  Some  portions,  such  as  tape  unit  designations, 
are  system-dependent  and  may  require  modification. 

If  the  user  does  not  already  have  the  ORIGEN2  code  on  disk  or  tape,  a  copy 
may  be  obtained,  free  of  charge,  by  sending  a  magnetic  tape  to  the  following 
address: 

Codes  Coordinator 

Radiation  Shielding  Information  Center 

P.O.  Box  X 

Oak  Ridge  National  Laboratory 

Oak  Ridge,  Tennessee  37830 

At  the  time  of  this  writing,  the  ORIGEN2  code  is  being  stored  at  AFIT  on  tape 
#2473,  available  through  Lt  Col  Ronald  Tuttle,  Department  of  Engineering 
Physics. 

Once  the  magnetic  tape  is  received,  the  code  must  then  be  transferred  from 
tape  to  the  user’s  files  on  hard-disk.  The  following  is  the  format  of  a  command 
file  which,  when  executed,  will  copy  the  70  ORIGEN2  files  from  tape  unit  80  to 
the  user’s  working  directory.  To  save  disk  space,  copy  only  those  files  that  are 
needed  for  the  case(s)  being  run  and  keep  them  compressed  when  not  in  use. 


i  IV*  i.l  i 


# 

echo  1 

dd  if=/dev/nrmt9  of=01  ibs=3200  cbs=80  obs=80  conv=unblock 
compress  01 


echo  63 

dd  if=/dev/nrmt9  of =63  ibs=3200  cbs=80  obs=80  conv=unblock 
compress  63 
echo  64 

dd  if=/dev/nrmt9  of =64  ibs=2600  cbs=133  obs=133  conv=unblock 
compress  64 


echo  70 

dd  if=/dev/nrmt9  of =70  ibs=2600  cbs=133  obs=133  conv=unblock 
compress  70 


To  copy  a  single  file  from  tape,  ensure  that  the  tape  is  rewound  and  use  the 
following  command  file: 


@  file=  [File  number  to  be  copied] 
echo  $file 

mt  -f  /dev/nrmt9  fsf  [File  number  -  1] 

dd  if=/dev/nrmt9  of=$file  ibs=3200  cbs=80  obs=80  conv=unblock 
OR,  if  appropriate: 

dd  if=/dev/nrmt9  of=$file  ibs=2600  cbs=133  obs=133  conv=unblock 


The  changes  described  on  pages  vii  through  xii  of  CCC-371  (supplied  by 
ORNL  as  part  of  the  ORIGEN2  package)  and  in  Section  III  of  this  paper  must  be 
made  to  allow  the  code  to  run  on  the  SSC. 

When  compiling  the  executable  portion  of  the  code,  use  of  the  -w  option  is 
recommended  to  suppress  numerous  warning  messages  which  result  from  the 
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code’s  use  of  Hollerith  variables  and  unused  variable  declarations.  Also,  each  file 
must  have  a  ./  extender,  as  in  the  following  example,  to  be  recognized  as  a 
FORTRAN  program  by  the  f77  compiler: 

f77  -w  03. f  19. f  -o  ORIGEN2.out 

The  following  input  files  must  be  created  before  running  the  compiled  pro¬ 
gram: 


TAPE5.INP:  ORIGEN2  command  file 

TAPE3.INP:  Substitute  data  cards  for  decay  and  cross  section 
libraries  (if  none,  then  this  is  a  dummy  file) 

TAPE4.INP:  Dummy  file 

TAPE9.INP:  File  made  up  of  decay  library  (file  21)  with  the  appropri¬ 
ate  cross  section  library  appended  to  it 

TAPE10.INP:  Photon  library  (file  61,  62,  or  63) 

If  the  user  desires  to  run  the  program  while  not  interactively  logged-in  to  the 
system,  the  following  command  will  allow  the  program  to  continue  running  in 
background  after  logging  out: 

nohup  ORIGEN2.out  & 

Refer  to  CCC-371  for  details  on  what  types  of  output  are  written  to  each 
output  file. 
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